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Abstract
The Howard’s Pass district (HPD) of sedimentary exhalative (SEDEX) Zn-Pb deposits is located
in the Selwyn basin, Yukon, and comprises 14 Zn-Pb deposits that contain an estimated 28 Mt of Zn+Pb
metals. Semi-massive to massive sulfide mineralization is hosted in carbonaceous and calcareous to
siliceous mudstones. Host rocks to these deposits lack visual and chemical evidence of hydrothermal
alteration and mineralogical haloes and, accordingly, several aspects regarding mineral deposit genesis in
the HPD are poorly constrained or unconstrained. Detailed petrographic and combined electron probe
microanalysis (EPMA), laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) and
secondary ion mass spectrometry (SIMS) studies were done on pyrite and apatite to better understand the
mineralizing process(es), source(s) and pathways of sulfur and the ambient marine paleoenvironment at
the time of mineralization.
Pyrite is a minor, but ubiquitous component of the host rocks and mineralization. Individual
crystals or crystal aggregates of pyrite are texturally complex and show multi-stage growth. Growth
stages range from syngenetic to earliest diagenesis, to early to late diagenesis, through to metamorphism;
LA-ICP-MS and SIMS analyses reveal that pyrite of different textures possesses different trace element
and sulfur isotope compositional ranges. Moreover, these data support a predominantly diagenetic origin
for base-metal sulfide mineralization, formed from thermochemically-reduced sulfate below, or at, the
sediment-water interface.
In places, the host rocks also contain abundant apatite that occurs as fine-grained layers
stratigraphically above, within, and below the SEDEX deposits. EPMA and LA-ICP-MS reveal that
apatite major, minor, trace and rare earth element-yttrium (REE-Y) compositions are remarkably similar
throughout the stratigraphic succession. Several REE-Y proxies for depositional conditions and
comparisons among apatites with diverse origins indicate that apatite from the HPD is hydrogenous rather
than hydrothermal in origin.

ii

Previous workers concluded that sustained euxinic conditions were requisite in the formation and
preservation of SEDEX deposits in the HPD, but the data presented in this thesis contradict this. These
data include uniformly negative Ce anomalies in apatite (i.e., suboxic phosphogenic conditions) and
extremely negative sulfur isotope values in framboidal pyrite (i.e., incremental depletion of seawater
sulfate in the water column did not occur). Collectively, the current research presented here has redefined
the ambient environmental and genetic models for the HPD.
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Chapter 1
Introduction
1.1 Background
Sedimentary exhalative (SEDEX) Zn-Pb-(Ag-Ba) deposits are among the World’s largest
sources of Zn and Pb, accounting for an estimated 31% Zn and 36% Pb of global resources
(Singer, 1995; Wilkinson, 2014). Deposits of this type are typically hosted in fine-grained
carbonaceous mudstone and siltstone, where base-metal sulfide mineralization is stratiform and
stratabound. One of the largest SEDEX provinces in the World is the early to middle Paleozoic
Selwyn basin (Fig. 1.1). The major SEDEX districts are the Middle Cambrian Anvil district,
Early Silurian Howard’s Pass district, Late Silurian to Early Devonian Vulcan district and Late
Devonian MacMillan Pass district.

1

Figure 1.1: General geological map of the Selwyn basin and Mackenzie platform with major
SEDEX Zn-Pb-(Ag-Ba) districts labeled (Goodfellow, 2007).

2

The Selwyn basin is situated in eastern Yukon Territory, Canada (Fig. 1.1), and is the
basinal domain of the autochthonous, ancestral North American continental margin (Nelson and
Colpron, 2007). The Selwyn basin is flanked to the northeast by coeval carbonate rocks of the
Mackenzie platform, whereas basinal strata extend to the west (Fig. 1.1). The Selwyn basin
formed in response to the breakup of the supercontinent Rodinia in the late Neoproterozoic and
Paleozoic strata are underlain by late Neoproterozoic rift-clastic sedimentary rocks (Cecile et al.,
1997; Nelson and Colpron, 2007). Passive continental margin development initiated in the Early
Paleozoic subsequent to rifting, and fine-grained, carbonaceous mudstone was deposited in an
off-shelf environment. The periodic development of the Selwyn basin passive margin resulted in
spatially restricted alkalic and ultrapotassic volcanism (Goodfellow et al., 1995). The water depth
of this basin is poorly constrained, but the paucity of shallow water features indicate that the
depositional environment was below the storm wave base (Gordey, 2014). Paleogeographically,
the Selwyn basin and Mackenzie platform were deposited on the west coast of the Laurentian
continental margin near the equator (Cecile et al., 1997).
The Paleozoic stratigraphy of the Selwyn basin overlies Upper Proterozoic to Lower
Cambrian shale, siltstone and sandstone of the Vampire Formation. This formation, in turn, is
unconformably overlain by massive to wavy-banded limestone of the Upper Cambrian to Lower
Ordovician Rabbitkettle Formation (Goodfellow and Jonasson, 1986; Gordey and Anderson,
1993). The Middle Ordovician to Silurian Road River Group overlies these limestones, and is
divided into the Duo Lake and the Steel formations. The Duo Lake Formation comprises
carbonaceous siliceous and calcareous mudstone, cherty mudstone and minor limestone. The
Steel Formation conformably overlies the Duo Lake Formation and consists of grey bioturbated
mudstone. The Lower Devonian to Middle Mississippian Earn Group conformably overlies the
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Steel Formation, and is divided into the Portrait Lake and Prevost formations (Gordey and
Anderson, 1993). The rocks of the Earn Group comprise cherty clastic turbidites and
carbonaceous mudstone.
The Howard’s Pass district (HPD) comprises 14 Zn-Pb SEDEX deposits that contain an
estimated 400.7 Mt grading 4.5% Zn and 1.5% Pb (Kirkham et al., 2012). SEDEX mineralization
was discovered in the HPD in 1972 by following up regional stream sediment geochemical
surveys (Morganti, 1979). Exploration drilling during the 1970s and 2000s defined semicontinuous mineralization along a 38 km-long trend (Fig. 1.2). The mineral deposits in the HPD
remain undeveloped; however, an adit was driven into the XY deposit for test mining in 1981
(Goodfellow et al., 1983). The style of SEDEX mineralization in all of the deposits is similar, and
the rocks that host SEDEX deposits are interpreted to be of the same Early Silurian age. The
salient difference is the size and grade for individual deposits or zones, as the thickness of the
Active member (ACTM) and mineralization styles are similar for each area. Zn-Pb mineralization
within the ACTM is comprised dominantly of sphalerite and galena with subordinate amounts of
pyrite. Rhenium-Os isotopic analyses of framboidal pyrite and laminated crystalline pyrite have
yielded an isochron age of 442 ± 14 Ma (Kelley et al., 2011) that is consistent with the Early
Silurian biostratigraphic age for the ACTM.

4

Figure 1.2: Geological map of the Howard’s Pass district showing locations of SEDEX deposits.
1: XY zone (XY, XY Central and XY West deposits); 2: Brodel deposit; 3: HC zone (HC and HC
West deposits); 4: Don zone (Don and Don East deposits); 5: Anniv Zone (Anniv and Anniv East
deposits); 6: OP deposit; 7: Pelly North deposit (modified after Goodfellow, 2004).
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Within the HPD, the Duo Lake, Steel and Portrait Lake formations are locally subdivided
into informal members at Howard’s Pass (Fig. 1.3). The Duo Lake Formation consists of the
Pyritic Siliceous Mudstone member (PSMS), Lower Cherty Mudstone member (LCMS),
Calcareous Carbonaceous Mudstone member (CCMS), Active Member (ACTM) and Upper
Siliceous Mudstone member (USMS). The Steel Formation is designated as the Flaggy Mudstone
member (FLMD) and the basal Portrait Lake Formation is designated as the Backside Siliceous
Mudstone member (BSSM) (Morganti, 1979). Conodonts recovered from the ACTM place the
time of deposition near Lower to Middle Llandoverian (443-439 Ma) time (Norford and Orchard,
1985).
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Figure 1.3: Stratigraphic column of the Howard’s Pass district showing informal unit names
within their designated formations (modified after Gordey and Anderson, 1993; Morganti, 1979).
Note that the Active member hosts all of the Zn-Pb mineralization.

Currently, there are two classes of SEDEX deposit genetic models: 1) vent-proximal and
2) vent-distal. Vent-proximal deposits form spatially nearby an inferred hydrothermal vent and
are accompanied by a feeder zone, vent complex and hydrothermal alteration zone (Fig. 1.4A)
(Goodfellow et al., 1993). Vent-proximal deposits resemble volcanogenic massive sulfide
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deposits in many respects; however, the SEDEX deposits typically lack coeval and/or proximal
volcanic rocks. Vent-distal deposits lack recognized plumbing systems and discordant feeder
zones. Rather, this class of SEDEX deposits is interpreted to have formed by bottom-hugging
brines, which accumulated in bathymetric depressions distal from the vent source (Goodfellow,
2007) (Fig. 4B). Vent proximal deposits comprise approximately 20% of global SEDEX deposits
(Sangster and Hillary, 2000). Examples of vent proximal deposits are the Sullivan deposit, B.C.,
Tom and Jason, Yukon, and Rammelsberg, Germany. Vent distal deposits comprise a majority of
global SEDEX deposits and the deposits of the HPD (among many others) fall into this category.
It is important to note that usage of the term SEDEX has changed since it was first introduced
(Badham, 1981; Carne and Cathro, 1982); the designation is currently used for stratabound and
stratiform sediment-hosted Zn-Pb deposits that may or may not have formed by solely exhalative
processes. Some SEDEX deposits formed via subseafloor replacement during sedimentation or
during very early diagenesis (Leach et al., 2005; Leach et al., 2010; Leach et al., 2004; Slack et
al., 2004a). For these reasons, Leach et al. (2010) have proposed that the term “SEDEX” not be
used, and introduced the term “clastic-dominated” in its stead.

8

Figure 1.4: Traditional sedimentary exhalative genetic models for A) Vent-proximal and B) Ventdistal types of deposits (modified after Goodfellow, 2007).
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Cooke et al. (2000) proposed an alternative SEDEX deposit model classification scheme
that is based on inferred physico-chemical properties of hydrothermal fluids and depositional
environments. McArthur-type deposits (e.g., HYC, Mount Isa) tend to be high tonnage (>10 Mt
Pb+Zn), formed from cool (<200 °C), oxidized (i.e., SO4>>H2S) hydrothermal brines and lack
associated vent complex/feeder systems (Ireland et al., 2004; Large et al., 2000; Large et al.,
2001). Such deposits also contain abundant hydrothermal carbonates that form large haloes in
footwall sedimentary rocks and also have large lithogeochemical (e.g., Mn, Fe, Tl), mineralogical
(e.g., pyrite, carbonate) and carbon and oxygen isotopic haloes (Ireland et al., 2004; Large et al.,
2000; Large et al., 2001; Large and McGoldrick, 1998). Unlike McArthur-type deposits, the
Selwyn-type deposits (e.g., Howard’s Pass, MacMillan Pass, Red Dog) of Cooke et al. (2000)
tend to contain lower tonnages (<10 Mt Pb+Zn) and are interpreted to have formed from hot
(>200 °C), reduced hydrothermal brines and have vent complexes which are typically preserved.
Selwyn-type deposits typically contain significant quantities of barite, which is generally lacking
in McArthur-type deposits (Cooke et al., 2000).

1.2 Rationale
The HPD is among the largest accumulations of Zn and Pb in the World (Leach et al.,
2010). These deposits have been studied extensively, and these studies provide good frameworks
for the trace element (e.g., Goodfellow et al., 1983) and sulfur isotope compositions at the bulkmineral scale (e.g., Goodfellow and Jonasson, 1984; Goodfellow, 1987; Morganti, 1979). Early
studies recognized textural variability in some minerals (e.g., pyrite; Jonasson and Goodfellow,
1986), but analytical instrumentation lacked the spatial resolution to determine potentially
significant intra-grain compositional variability. Genetic and ambient environmental models,
stipulating that sustained euxinic conditions are required to fix base-metal sulfides within the
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ambient water column, have been applied globally to SEDEX deposits; however, these models
are based, in part, on texturally complex pyrite grains from the HPD (e.g., Goodfellow and
Jonasson, 1984; Goodfellow, 1987; Goodfellow et al., 1993; Turner, 1992). These models remain
controversial, and several workers have argued against sustained euxinia as the sole source of
reduced sulfur in many SEDEX deposits (e.g., Eldridge et al., 1989; Ohmoto et al., 1990; Ohmoto
and Goldhaber, 1997; Seal and Wandless, 2003; Seal, 2006) and/or purely syngenetic timing of
SEDEX mineralization (Eldridge et al., 1988; Eldridge et al., 1993; Ireland et al., 2004).
In the intervening years since the previous studies in the HPD were completed,
technological advances have been developed that now permit trace element (e.g., laser ablationinductively coupled plasma-mass spectrometry; LA-ICP-MS) and sulfur isotopic (e.g., secondary
ion mass spectrometry; SIMS) analyses at high-spatial resolution (10s micron-scale) at low
detection limits (sub-ppm to ppm). Myriad studies indicate that trace element (Large et al., 2011;
Large et al., 2009; Large et al., 2014; Large et al., 2007; Reich et al., 2013; Thomas et al., 2011)
and sulfur isotopic (Eldridge et al., 1988; Eldridge et al., 1993; Ireland et al., 2004; Ohmoto and
Goldhaber, 1997; Ohmoto et al., 1990; Seal, 2006; Seal and Wandless, 2003) compositions of
pyrite from various seafloor environments and deposit types vary temporally as a function of fluid
composition and the processes by which this mineral was deposited. Therefore, texturally
complex pyrite from the HPD may also possess intra-grain trace element and sulfur isotopic
compositional variability. One aim of this thesis is to determine the relationship between different
paragenetic stages of pyrite and their trace element and sulfur isotopic variability based on
petrographic, LA-ICP-MS and SIMS analyses. These analyses included pyrite from the rocks
stratigraphically below, within and above SEDEX Zn-Pb deposits, and included also samples
from the XY, Don, Anniv, Op and Pelly North deposits (Fig. 1.2). In conducting this work, it was
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possible to test the controversial, albeit longstanding, genetic model of Goodfellow (1987) that
stipulates that framboidal pyrite, sphalerite and galena were deposited coevally as chemical
sediments within a sulfidic water column.
Apatite is another common mineral in some sediment-hosted Zn-Pb systems (Garnit et
al., 2011; Stalder and Rozendaal, 2004) including HPD. Within the sedimentary rocks of the
HPD, apatite occurs stratigraphically below, within and above the SEDEX mineralization.
Despite the wealth of information that may be recorded within apatite (Jarvis et al., 1994),
together with the close spatial association of apatite with SEDEX Zn-Pb deposits (in the HPD),
apatite from the HPD has been inadequately studied. Thus, the genetic origin of this mineral in
the HPD is uncertain. Some workers (e.g., Goodfellow, 1999) suggest that apatite is a direct
precipitate of the hydrothermal metalliferous fluid, whereas others hypothesize that apatite
originated by hydrogenous sedimentary processes (e.g., Slack et al., 2011). One of the most
studied aspects of apatite is the rare earth element-yttrium (REE-Y) abundance because
authigenic apatite deposition sequesters hydrogenous REE-Y and its composition is not easily
modified during extensive late diagenesis (Emsbo et al. 2015). The current study used electron
probe microanalysis (EPMA) and LA-ICP-MS to determine the major element and REE-Y
compositions of apatite, respectively, from the HPD to better constrain the ambient bottom water
conditions and the origin of the apatite. It is important to determine the origin of apatite because it
may provide insight into the ambient depositional environment, and may additionally be a
lithogeochemical pathfinder to SEDEX mineralization in carbonaceous rocks that otherwise lack
obvious hydrothermal alteration.
Exploration for SEDEX deposits like those in the HPD is currently hampered because,
unlike the giant McArthur-type SEDEX deposits, hydrothermal alteration is weak to absent (Peter
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et al., 2015). Therefore, gaining clearer insight into the conditions of the ambient marine
environment is critical in understanding the processes responsible for the formation giant SEDEX
deposits.

1.3 Structure of thesis
This thesis comprises three separate manuscripts in order to comply with the
requirements set out by the School of Graduate Studies at Queen’s University. These manuscripts
constitute the main body of the thesis and include:
Chapter 2: Gadd, M.G., Layton-Matthews, D., Peter, J., Paradis, S. (2015) The world-class
Howard’s Pass SEDEX Zn-Pb district, Selwyn Basin, Yukon. Part I: trace element
compositions of pyrite record input of hydrothermal, diagenetic, and metamorphic fluids
to mineralization. Mineralium Deposita. DOI 10.1007/s00126-015-0611-2
Outline: Pyrite from the HPD is texturally complex and shows multi-stage growth. The objective
of this study was to constrain the timing of mineralization (i.e., syngenetic vs. syn-diagenetic) by
combining detailed petrography and laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) to pyrite. Whereas bulk pyrite analysis is insensitive to textural complexity, our
data reveal that the compositions of these various textural types and stages reflect precipitation
from hydrothermal, hydrogenous, diagenetic and metamorphic fluids. Post-depositional
deformation and remobilization of base-metal sulfides obfuscates paragenetic relationships with
texturally complex pyrites; however, the relatively high contents of non-ore hydrothermal
elements (Mn, As, Ag, Sb, Tl) within diagenetic pyrite (i.e., pyrite that formed subsequent to
framboidal pyrite) reveal that mineralization was predominantly diagenetic. This genetic model
differs in many respects from the purely syngenetic model of Goodfellow (2004), and better
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corresponds to the model of Ireland et al. (2004) for the Paleoproterozoic HYC deposit in
northern Australia. The multiple stages of sulfide mineral (particularly pyrite) growth suggest that
the HPD have more in common with McArthur-type deposits than was previously recognized.
Chapter 3: Gadd, M.G., Layton-Matthews, D., Peter, J., Paradis, S, Jonasson, I.R. The world-class
Howard’s Pass SEDEX Zn-Pb district, Selwyn basin Yukon. Part II: The roles of
thermochemical and bacterial sulfate reduction in metal fixation (submitted to
Mineralium Deposita on 25 September 2015; manuscript number: MIDE-D-15-00151)
Outline: Chapter 2 showed that pyrite within the HPD formed over a protracted period of time
extending from synsedimentary to earliest diagenesis (py1), and from early to late diagenesis
(py2) through to metamorphism (py3). These pyrites are also texturally complex, where single
grains commonly contain multiple generations and textural heterogeneity varies at the submillimeter scale. Additionally, within the SEDEX deposits of the HPD, pyrite of all types is
commonly intergrown with sphalerite and galena. The objective of the present study is to measure
in situ the sulfur isotope composition of textural variable pyrite using secondary ion mass
spectrometry (SIMS) in order to obtain a clearer understanding of the sulfur cycle in the HPD.
Significantly, the sulfur isotope data indicate that sustained euxinia driven by extensive bacterial
sulfate reduction in the ambient water column was not the principal source of reduced sulfur in
the base-metal sulfide deposits. Rather, thermochemical sulfate reduction of hydrothermal and
seawater sulfate was responsible for most of the reduced sulfur sequestered by sphalerite and
galena (and some of the pyrite) in the SEDEX deposits. This finding starkly contrasts previous
genetic models that invoke sustained euxinic conditions as the exclusive source of reduced sulfur
in SEDEX Zn-Pb-(Ag-Ba) deposits (viz., Goodfellow, 1987; Turner, 1992).
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Chapter 4: Gadd, M.G., Layton-Matthews, D., Peter, J. Non-hydrothermal origin for apatite in
Pb-Zn SEDEX deposits and host rocks of the Howard’s Pass District, Yukon, Canada
(submitted to American Mineralogist on 4 September 2015; manuscript number 5550)
Outline: Apatite is a relatively common mineral within the rocks that host the SEDEX deposits in
the HPD. However, this mineral has received little attention despite its close spatial relationship
to the mineral deposits and, hence, its potential usefulness as a vector towards concealed
mineralization. The origin of the apatite is controversial because some workers (e.g., Goodfellow,
1984, 1999) hypothesize that it is hydrothermal (i.e., derived from the same fluids as sphalerite
and galena mineralization), whereas other workers (e.g., Slack et al. 2011; Johnson et al. 2014)
hypothesize that apatite is hydrogenous and unrelated to hydrothermal metalliferous fluids. Rare
earth element abundances are commonly used in apatite studies to unravel the origin and
depositional environment in which this mineral is deposited. Herein the major element and REEY compositions of apatite were determined using EPMA and LA-ICP-MS, respectively, on
apatite stratigraphically below, within and above SEDEX deposits. Several REE-Y proxies for
depositional conditions and degree of retention of primary REE composition, and comparisons
among apatite of diverse origins reveal that apatite from the HPD is hydrogenous rather than
hydrothermal. A significant finding of this work is that phosphogenic conditions were suboxic in
the HPD. This finding negates the presence of euxinic conditions purported to have existed over a
sustained (up to 50 M.y.) period of time (viz., Goodfellow, 1987).
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Chapter 2
The world-class Howard’s Pass SEDEX Zn-Pb district, Selwyn Basin,
Yukon. Part I: Trace element compositions of pyrite record input of
hydrothermal, diagenetic and metamorphic fluids to mineralization1

2.1 Abstract
The Howard’s Pass district, located in Yukon Territory, comprises 14 Zn-Pb sedimentary
exhalative (SEDEX) deposits that collectively contain approximately 400.7 Mt grading at 4.5%
Zn and 1.5% Pb. Sulfide mineralization is hosted in carbonaceous and calcareous to siliceous
mudstones. Pyrite is a minor, but ubiquitous component. Detailed petrographic analyses reveal
that pyrite has a complex and protracted growth history, and multiple generations of pyrite are
preserved in single grains. Combined electron probe microanalysis (EPMA) and laser ablationinductively coupled mass plasma-spectrometry (LA-ICP-MS) of paragenetically complex pyrite
reveal that minor and trace element zonation that mimic textural features. These data provide
information on the relative timing and cation content of depositional (i.e., ambient marine),
hydrothermal and metamorphic fluids. These data also identify a suite of non-ore elements (Mn,
As, Ag, Sb and Tl) associated with the Zn-Pb mineralizing hydrothermal fluids.

1

Gadd, M.G., Layton-Matthews, D., Peter, J.M., Paradis, S. (2015) The world-class Howard’s Pass
SEDEX Zn-Pb district, Selwyn Basin Yukon. Part I: Trace element compositions of pyrite record input of
hydrothermal, diagenetic and metamorphic fluids to mineralization. Mineralium Deposita. DOI
10.1007/s00126-015-0611-2
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Lithogeochemical data and statistical results corroborate the micro-analytical findings. These
elements are associated with both syngenetic to earliest diagenetic pyrite and later diagenetic
pyrite overgrowths, suggesting that SEDEX mineralization was not only the product of
hydrothermal precipitates that settled on the seafloor; rather, dense metalliferous brine also settled
on, and percolated through, unconsolidated carbonaceous muds and precipitated metals. This
genetic model is similar to that proposed for the Paleoproterozoic HYC Zn-Pb-Ag SEDEX
deposit in northern Australia, and it is likely that common processes and ambient conditions led
to the formation and preservation of both of these large SEDEX districts.

2.2 Introduction
The Howard’s Pass district (HPD) comprises 14 Zn-Pb sedimentary exhalative (SEDEX)
deposits that contain an estimated 400.7 Mt grading 4.5% Zn and 1.5% Pb (Kirkham et al., 2012).
The HPD is located within the Selwyn Basin (Fig. 2.1), a metallogenic province known for its
world-class Zn-Pb (±Ag ±Ba) SEDEX deposits (Fig. 2.1). Usage of the term SEDEX has changed
since it was first introduced (Badham, 1981; Carne and Cathro, 1982), and covers many
stratabound, clastic-dominated Zn-Pb deposits that did not likely form by true exhalative
processes. Instead, some workers have shown that SEDEX deposits formed via subseafloor
replacement during sedimentation or very early diagenesis (Leach et al., 2005; Leach et al., 2010;
Leach et al., 2004; Slack et al., 2004a). SEDEX mineralization was discovered in the HPD in
1972 by following up regional stream sediment geochemical surveys. Exploration drilling during
the 1970s and 2000s defined semi-continuous mineralization along a 38 km-long trend. The
mineral deposits in the HPD remain undeveloped; however, an adit was driven in the XY deposit
for test mining in 1981 (Goodfellow et al., 1983).
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Figure 2.1 A) General geologic map of the Selwyn basin showing the major SEDEX districts; B)
Geologic map of the Howard’s Pass district showing locations of SEDEX deposits and zones. 1:
XY zone (XY, XY Central and XY West deposits); 2: Brodel deposit; 3: HC zone (HC and HC
West deposits); 4: Don zone (Don and Don East deposits); 5: Anniv Zone (Anniv and Anniv East
deposits); 6: OP deposit; 7: Pelly North deposit (modified from Goodfellow, 2004).
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Mineralization in the HPD is composed dominantly of massive and semi-massive
sphalerite and galena hosted in calcareous and cherty mudstones; pyrite is a minor (approx. 5.5
wt.%) part of the mineralization. The trace element and stable isotope geochemistry of Howard’s
Pass pyrite has been the focus of previous studies (Goodfellow et al., 1983; Morganti, 1979) that
used bulk analytical techniques on handpicked grains.
Petrographic studies of pyrite with multi-generational growth textures have revealed
changes in the morphology of pyrite in response to several stages of growth. In black shale
successions, variations in pyrite textures have been interpreted to reflect spatial and temporal
growth patterns (Berner, 1984; Large et al., 2014; Raiswell and Berner, 1985). During formation,
pyrite is capable of sequestering numerous trace and minor elements (Ag, As, Au, Bi, Co, Cu,
Mn, Mo, Ni, Pb, Sb, Se, Tl, Zn) and the contents of these reflect their availability during the
various environments of pyrite formation (Berner et al., 2013; Gregory et al., 2014; Large et al.,
2009).
As pyrite is a ubiquitous mineral in many ore systems, laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) imaging techniques have been extremely useful in
determining compositional variability of texturally complex grains (Cook et al., 2009; Ingham et
al., 2014; Large et al., 2009; Large et al., 2007; Maslennikov et al., 2009; Thomas et al., 2011).
LA-ICP-MS investigations into pyrite chemistry from roll-front U deposits in South Australia
identify corresponding textural and chemical heterogeneity in pyrite throughout the ore-bearing
rocks (Ingham et al., 2014). Similarly, paragenetic and LA-ICP-MS studies of pyrite associated
with sediment-hosted Au deposits reveal the relative timing of mineralization, ore-related trace
elements and whether Au in pyrite is lattice-hosted and invisible, or whether micro-inclusions of
free Au predominate (Large et al., 2011; Large et al., 2009; Large et al., 2007). Thus, it is has
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been shown that texturally complex pyrite formed by multiple generations of growth can record
the ambient trace element budgets of the solutions from which it formed. Relatively few studies
(e.g., Graham et al., 2009; Kelley et al., 2004), however, have applied LA-ICP-MS to pyrites
from sediment-hosted Zn-Pb deposits even though multiple generations of pyrite deposition are
documented in several deposits of this type (e.g., Ireland et al., 2004; Kelley et al., 2004; Large et
al., 1998; Lianxing and McClay, 1992; McClay, 1991).
We have used standard petrographic reflected light microscopy, together with field
emission gun-environmental scanning electron microscopy (FEG-ESEM), electron probe
microanalysis-wavelength dispersive spectrometry (EPMA-WDS) and LA-ICP-MS to determine
the major, minor and trace element compositions, respectively, of the different textural styles and
generations of pyrite in the host rocks and in the Zn-Pb SEDEX deposits of the HPD. The
objective of this study was to apply these in situ analytical techniques because pyrite from the
HPD is texturally complex and shows multi-stage growth. Whereas bulk pyrite analysis is
insensitive to textural complexity, our data reveal that the compositions of these various textural
types and stages reflect precipitation from hydrothermal, hydrogenous, diagenetic and
metamorphic fluids. In an accompanying article (Gadd et al. in prep), in situ sulfur isotope
compositions of texturally and paragenetically complex pyrite from the HPD are presented. The
sulfur isotope data corroborate with the LA-ICP-MS data, and further elucidate the relationship
between complexly formed pyrite and base-metal sulfide mineralization in the context of sulfur
sources and processes related to sulfate reduction (Gadd et al., 2015a). The current study and
Chapter 3 of this thesis, together, highlight the complex interplay among hydrothermal
metalliferous fluids, ambient Silurian marine water and carbonaceous muds in the HPD.
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2.3 Background
2.3.1 Stratigraphy
The HPD is located in the Selwyn Basin; a continental margin basin characterized by the
deposition of thick Lower Ordovician to Lower Devonian sequences of fine-grained siliciclastic
rocks with calcareous intercalations (Fig. 2.1A; Goodfellow and Jonasson, 1986). The Paleozoic
stratigraphy of the Selwyn Basin overlies Upper Proterozoic to Lower Cambrian shale, siltstone
and sandstone of the Vampire Formation. This formation, in turn, is unconformably overlain by
massive to wavy-banded limestone of the Upper Cambrian to Lower Ordovician Rabbitkettle
Formation (Goodfellow and Jonasson, 1986; Gordey and Anderson, 1993). The Middle
Ordovician to Silurian Road River Group structurally overlies these limestones within the HPD
(Hodder et al., 2014), and is divided into the Duo Lake and the Steel formations. The Duo Lake
Formation comprises carbonaceous siliceous and calcareous mudstone, cherty mudstone and
minor limestone. The Steel Formation conformably overlies the Duo Lake Formation and consists
of grey bioturbated mudstone. The Lower Devonian to Middle Mississippian Earn Group
conformably overlies the Steel Formation, and is divided into the Portrait Lake and Prevost
formations (Fig. 2.2; Gordey and Anderson, 1993). The rocks of the Earn Group comprise cherty
clastic turbidites and carbonaceous mudstone.
The Duo Lake, Steel and Portrait Lake formations are subdivided into informal members
at Howard’s Pass (Fig. 2.2). The Duo Lake Formation consists of the Pyritic Siliceous Mudstone
member (PSMS), Lower Cherty Mudstone member (LCMS), Calcareous Carbonaceous
Mudstone member (CCMS), Active Member (ACTM) and Upper Siliceous Mudstone member
(USMS). The Steel Formation is designated as the Flaggy Mudstone member (FLMD) and the
basal Portrait Lake Formation is designated as the Backside Siliceous Mudstone member (BSSM)
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(Morganti, 1979). Conodonts recovered from the ACTM place the time of formation near Lower
to Middle Llandoverian (443-439 Ma) time (Norford and Orchard, 1985).

Figure 2.2 Stratigraphic section of the Howard’s Pass district (modified from Goodfellow and
Jonasson, 1986). Note that the Active member hosts all of the Zn-Pb mineralization.
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The PSMS member (2 to 10 m thick) is the basal unit of the Duo Lake Formation in the
HPD and consists of grey to black pyritic, carbonaceous shale. The CCMS (50 to 100 m thick)
overlies the PSMS member and consists of highly carbonaceous mudstone with variable amounts
of intercalated limestone and carbonate concretions. Minor wispy pyrite and calcite veins, 2.5 mm
to 1 cm, occur locally. The LCMS (15 to 30 m thick) consists of highly carbonaceous and
siliceous mudstone. The CCMS and LCMS have similar appearances in that they are massive and
monotonous, highly carbonaceous cherty mudstones with variable contents of calcite. The ACTM
(0 to 60 m thick; typically 20 to 30 m) hosts the Zn-Pb mineralization at Howard’s Pass and is
described in more detail below. The USMS (20 to 90 m thick) consists of carbonaceous and
cherty mudstones with minor to abundant laminations (0.5 to 1.5 cm thick) of francolite
(carbonate-rich fluorapatite) and locally abundant carbonate concretions. The FLMD (100 to 140
m thick) is a grey siliceous to dolomitic silty mudstone and contains minor carbonaceous
intercalations. The BSSM (60 to 180 m thick) is a carbonaceous, siliceous mudstone that contains
locally abundant concretions and also contains trace amounts of laminated sphalerite and
framboidal pyrite. Pyrite is a widespread but minor constituent in all of the members.
2.3.2 Mineralization
SEDEX deposits in the HPD are hosted by calcareous carbonaceous and, to a lesser extent,
siliceous mudstones of the ACTM. The ACTM is a laterally extensive and semi-continuous unit.
It hosts all of the SEDEX deposits in the HPD and has a strike length of at least 38 km (Fig.
2.1B). The XY, Don and Anniv zones are the largest in the district. Each zone contains
approximately 100 Mt grading 5 wt.% Zn and 2 wt.% Pb that is contained within two to three
individual deposits (Kirkham et al., 2012). The smaller Brodel and HC deposits are situated
between the XY and Don zones. The low-grade OP and Pelly North deposits are in the northwest
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portion of the HPD. No SEDEX mineralization has been discovered northwest of the Pelly North
deposit. Minor wrench faults offset deposits or zone of deposits along the strike of the HPD.
The style of SEDEX mineralization in all of the deposits is similar, and the rocks that
host SEDEX deposits are interpreted to be of the same Early Silurian age. The salient difference
is the size and grade for individual deposits or zones, as the thickness of the ACTM and
mineralization styles are similar for each area. Zn-Pb mineralization within the ACTM is
comprised dominantly of sphalerite and galena with subordinate amounts of pyrite. The ACTM
has three mineralized sub-units: 1) calcareous white to grey Zn-Pb-rich mudstone (Fig. 2.3A), 2)
silicic white to grey Zn-Pb rich mudstone (Fig. 2.3B) and 3) finely laminated dark grey to brown
mudstone (Fig. 2.3B, C). Goodfellow and Jonasson (1986) separated the ACTM into upper and
lower units based on lithological heterogeneity. The lower ACTM is generally more calcareous,
less carbonaceous and siliceous and contains less pyrite than the upper unit; however, the Zn and
Pb grades are the same throughout the entire ACTM succession.
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Figure 2.3 Mineralization in the HPD showing A) High-grade, cleavage-controlled sphalerite
pressure solution stringers in calcareous mudstone, B) Anastomosing sphalerite and galena
pressure solution seams adjacent to laminated pyritic mudstone, and C) Laminated carbonaceous
mudstone weakly developed sphalerite and galena pressure solution seams. All samples in above
images were collected from the ore stockpile at the XY deposit. Note centimeter-scale bars in A)
and B).

Sphalerite forms discrete laminae (Fig. 2.4A) or interlaminations with framboidal pyrite
and galena (Fig. 2.4A, B) and fine-grained disseminated to laminated grains (Fig. 2.4C, D). Nonlaminated sphalerite occurs as cleavage-controlled pressure solution seams (Fig. 2.4C) and less
commonly as one to two millimeter anhedral crystals (Fig. 2.4B). Galena forms laminae together
with sphalerite; however, high-grade galena mineralization predominates as cleavage-controlled
pressure solution seams (Fig. 2.4D). Rhenium-Os isotopic analyses of framboidal pyrite and
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laminated crystalline pyrite have yielded an isochron age of 442 ± 14 Ma (Kelley et al., 2011)
that is consistent with the Early Silurian biostratigraphic age for the ACTM.
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Figure 2.4 Photomicrographs of sphalerite and galena mineralization, A) Monomineralic to
wispy bedding-parallel sphalerite adjacent to laminae of sphalerite+framboidal pyrite; note coarse
subhedral sphalerite crystal adjacent to sphalerite lamina (sample XYC-190-372.0), B) Coarse
recrystallized sphalerite intergrown with minor galena surrounded by wispy laminae of
framboidal pyrite (sample XYC-190-382.0), C) Disseminated, laminated sphalerite crosscut by a
late sphalerite pressure solution seam (sample XYC-224-164.9), D) Disseminated sphalerite
crosscut by a late galena and pyrite pressure solution seam (sample XYC-190-394.2).
Abbreviations: gn=galena, py=pyrite, sp=sphalerite.

Discontinuous lenses of laminated Zn-Pb mineralization occur within the middle portion
of the USMS and within the upper portion of the BSSM in the XY Central deposit. Zinc grades of
up to 7 wt.% over 0.5 m intervals have been documented in the mineralized USMS. The style and
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appearance of this mineralization are similar to that in the ACTM. In the BSSM, this style of
mineralization is rare and has not been reported previously. It should be noted that sphalerite and
framboidal pyrite mineralization in the upper portion of the BSSM may have been structurally
emplaced; however, the drill core in which this was identified (i.e., XYC-190 43.5 m) contains no
major faults above or below this mineralized subunit. The rocks hosting these small deposits are
calcareous and have well-developed laminations of sphalerite and framboidal pyrite, whereas
galena is only present in trace and minor amounts.
2.3.3 Structures and deformation
The delicately laminated nature of the SEDEX mineralization and the surrounding
carbonaceous host rocks in the HPD suggest that deposition occurred in a relatively quiescent
tectonic setting. Preserved synsedimentary and diagenetic features such as laminae and carbonate
concretions in the Duo Lake Formation and bioturbated laminae in the Steel Formation imply a
lack of significant syndepositional tectonism. Soft-sediment deformation features, such as
dewatering pipes and slump folding, locally deform laminae (Fig. 2.3C) (Jonasson and
Goodfellow, 1986). These early-formed features were modified by Mesozoic compressional
tectonism and accompanying sub-greenschist metamorphism; thus, a majority of the available
structural data are from Late Jurassic to Early Cretaceous deformational features (Gordey and
Anderson, 1993; Hodder et al., 2014; Martel, 2015).
The most conspicuous structural features observed in the HPD are pervasive axial planar
cleavage and pressure-solution cleavage (Figs. 2.3A-B, 2.4C-D). The former persists throughout
the stratigraphic succession, whereas the latter is most prominent within the ACTM. Nodular
pyrite is commonly enveloped with quartz-calcite strain shadows that are oriented parallel to the
regional NW/SE axial planar cleavage. Boudinage of layered, bedding-parallel pyrite is likely
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because of stretching during Mesozoic compressional deformation. Recent mapping in the HPD
indicates that significant imbricate thrust faulting, folding and axial planar cleavage were
produced during Mesozoic deformation (Hodder et al., 2014).

2.4 Methods
2.4.1 Sampling
Samples were collected from 28 recent (2007-2011) diamond drill cores from the XY
Central, Don, Anniv Central, Anniv East, OP West and Pelly North deposits (Fig. 2.1B). One
drill core (XYC-190) was sampled systematically at 10 m intervals. Polished petrographic
sections were prepared for a representative suite of samples. We aimed to sample time-equivalent
mudstones distal to mineralization; however, no drill holes intersected such rocks, and outcrop
samples are too weathered and oxidized and not suitable for analysis. For these reasons, our suite
of samples only contains rocks that are proximal to mineralization. The least mineralized samples
in this study are from the low-grade Pelly North deposit that is approximately 38 km northwest of
the high-grade XY deposits.
2.4.2 Aqua regia digest geochemical analysis
Drill core samples collected from the XY Central, Don, Anniv Central, Anniv East, OP
West and Pelly North deposits were analyzed at Acme Analytical Laboratories in Vancouver,
British Columbia. Rock samples were crushed and pulverized using alumina-ceramic, and 30-g
splits were digested in 1:1:1 aqua regia. Digested samples were diluted and analyzed using ICPMS to determine the trace element composition of the mudstones. Replicate data on in-house
standards and samples indicate an acceptable reproducibility (within 15%) for the 53 elements
analyzed.
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2.4.3 Electron probe microanalysis
Pyrite microprobe analyses were done on a Japan Electron Optics Limited (JEOL) JXA8230 Superprobe® equipped with wavelength dispersive spectrometers (WDS) at Queen’s
University, Kingston, Ontario. Quantitative WDS spot analyses were done using a beam diameter
of 1 µm, a beam current of 50 nA, an accelerating potential of 20 KV, a dwell time of 30 seconds
on peak and a 30 second off-peak background on either side of the peak. A combination of
natural and synthetic standards was used to calibrate the instrument. WDS image maps were
acquired using a beam diameter of 1 to 3 µm, a 300 nA beam current, an accelerating potential of
20 KV and a dwell time of 30-50 msec/pixel with no off-peak background subtraction.
2.4.4 Laser ablation-inductively coupled plasma-mass spectrometry
Laser ablation-ICP-MS analyses were performed using a ThermoScientific X Series 2®
quadrupole ICP-MS coupled to a New Wave/ESI 193 nm ArF Excimer laser system at Queen’s
University Facility for Isotope Research. Ablation was performed in an ultra-high purity He
atmosphere and carrier gas. The instrument sensitivity was tuned daily to >200,000 counts per
second of 238U in GSD-1G, a fused glass synthetic standard reference material (SRM) with 41
ppm U (Jochum et al. 2005), to maximize sensitivity and minimize the production of oxides
(238U16O/238U <1%).
In order to minimize beam attenuation and obtain a more even ablation profile,
quantitative pyrite analyses were performed by ablating a series of trenches using a beam
diameter from 35 to 50 µm. The laser pulse frequencies ranged from 15 to 25 Hz, with beam
fluence of 5 to 10 J/cm2. The analysis time varied for each sample to accommodate the varying
sizes of the features analyzed; however, a laser scan rate of 8µm/sec was typically used. A
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background analysis (laser off) of 15 to 30 seconds was measured prior to each analysis with the
laser on.
Prior to the first unknown pyrite analyses and after the last unknown pyrite analyses,
fused glass SRM BHVO-2G (Jochum et al., 2005) was analyzed. Analyses were also bracketed
with GSD-1G and GSE-1G fused glass SRM as external standards. Each standard was analyzed
before and after each set of pyrite analyses to correct for analytical drift and was used to correct
for elemental bias and laser yield. Data for pyrites and glass standards were acquired using
identical analytical protocols for quantitative analyses. Laser ablation-ICP-MS data were reduced
by creating element distribution maps from raw data files of raster line data in Aabel® version 3
graphical plotting software. Raw data were plotted against the element specific calibration curves
created using GSD-1G (~30-70 ppm for most trace elements) and GSE-1G (~250-600 ppm) to
quantify the mapped areas. Regions of interest were commonly >10 seconds long, corresponding
to textural features >80 µm in length, ensuring robust counting statistics. Where possible, minor
element contents were measured using EPMA on the same areas prior to LA-ICP-MS for direct
comparison, and these data produced good data replication.

2.5 Results
2.5.1 Petrography
Reflected light and scanning electron microscopy reveal multiple generations of pyrite
growth in the HPD succession. Pyrite occurs as framboids (Fig. 2.5A), polyframboidal clusters
(Fig. 2.5B) and micro-euhedra (Fig. 2.5C), bedding-parallel bands (Fig. 2.6), nodules (Fig. 2.7),
porphyroblasts (Fig. 2.8A) and metamorphic overgrowths (Figs. 2.5E, 2.6B, 2.7A, 2.8B-D).
Pyrite framboids and minute euhedra (py1) consist of spherical aggregates of micro-crystalline
pyrite and irregular aggregates of minute pyrite crystals, respectively. Individual framboids are
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generally <10 to 20 µm in diameter, and less commonly up to 50 µm in diameter. Framboidal py1
occurs in places as agglomerated masses of several hundred microns across, which form
polyframboids (Fig. 5C). Minute (1-5 µm diameter) py1 euhedra occur as crystals in irregular
masses (Fig. 2.5B). Framboidal and minute euhedral pyrite are substrates for subsequent pyrite
growth and, as such, are both grouped into py1. The former are most common within the upper
portion of the ACTM of the Duo Lake Formation, whereas the latter are most common within
non-mineralized mudstones of the Duo Lake and Steel formations. Although framboidal py1
occurs in the Duo Lake, Steel and Portrait Lake formations, it is most abundant in the upper
portion of the ACTM, where it forms one to two mm thick laminae intercalated with
carbonaceous sediments, sphalerite and galena. In general, concentrated laminae of framboidal
pyrite in the ACTM are accompanied by sphalerite.

31

A

B

50µm
5µm

C

D

sp
0.125mm

0.25mm

E

py3

sp

50µm

Figure 2.5 A) ESEM image of internally organized (bottom) and recrystallized(?) framboids
(upper) from the ACTM (grab sample from XY ore stockpile). Reflected light photomicrographs
of B) Polyframboidal pyrite from the FLMD (sample XYC-208-296.2); C) Disseminated to
aggregated minute euhedra intercalated with carbonaceous mudstone from the CCMS (sample
Don-083-240.2); D) Framboidal pyrite disseminated in sphalerite laminae from the ACTM
(sample XYC-190-382.0); and E) Framboids (dashed black lines) overgrown by euhedral py3
from the USMS (sample XYC-190-288.8).
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Bedding-parallel pyrite bands (<1 mm to several mm thick) of intergrown pyrite (py2a)
occur as wispy laminae of aggregated and intergrown subhedral to euhedral crystals (Fig. 2.6).
Py2a forms wispy and discontinuous bands to well-formed continuous layers. Py2a is common in
the Duo Lake and Portrait Lake formations and rare in the Steel Formation. Well-formed py2a
beds overprint and preserve primary bedding of the host carbonaceous mudstones (Fig. 2.6A, B).
Wispy py2a differs from laminated py1 in that the framboidal texture is either overprinted (Fig.
2.6 C, D) or obliterated due to post-depositional recrystallization.
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Figure 2.6 Reflected light photomicrographs of py2a as A) Graded diagenetic pyrite beds in the
BSSM (sample Don-083-32.6), B) Aggregated pyrite crystals in bedding-parallel band from the
USMS; note euhedral py3 overgrowths on massive py2a (sample OP-17-93.6), C) and D)
Diagenetic pyrite replacing primary bedding and overgrowing bedded framboidal pyrite in the
ACTM (sample Don-200-382.0); etched with conc. HNO3.
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Pyrite nodules (py2b) comprise round to sub-round masses of intergrown and aggregated
subhedral pyrite crystals that commonly show radial growth patterns and herringbone textures
(Fig. 2.7C). Nodules range in diameter from 0.5 to >1.5 cm and occur throughout the
stratigraphic succession. Py2b nodules commonly display complex growth textures that range
from silicate inclusion-rich to inclusion-free (Fig. 2.7A). Etching of polished surfaces with
concentrated HNO3 enhanced textures and revealed growth relationships between pyrite
generations, wherein py2b overprinted and recrystallized polyframboidal py1 (Fig. 2.7C).
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Figure 2.7 Reflected light photomicrographs of nodular diagenetic py2b as A) Inclusion-rich to
inclusion-free subhedral crystal aggregates from the FLMD (sample PN-03-102.1), B) Inclusionrich and nodular with interstitial chalcopyrite from the CCMS (sample Don-076-221.9) and C)
Complexly grown inclusion-rich aggregates to inclusion-free radial growth from the FLMD
(sample ANC-109-114.5); etched with concentrated HNO3. Abbreviation: cpy=chalcopyrite

Metamorphic pyrite (py3) occurs as both euhedral crystals and narrow overgrowths on
pre-existing pyrites. Py3 is the latest stage of pyrite growth in the HPD and overgrows all
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preceding generations of pyrite. Euhedral py3 crystals are between 0.1 mm and 50 mm in
diameter and are crystallographically aligned with the regional cleavage. Metamorphic
overgrowths are <0.2 mm wide and form as veneers on diagenetic pyrites.
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Figure 2.8 Reflected light photomicrographs of metamorphic py3 as A) Euhedral porphyroblastic
pyrite replacing barite from the FLMD (sample XYC-224-13.3), B) Anhedral sooty py2b
overgrown by late chalcopyrite and euhedral py3 from the USMS (sample XYC-224-133.3), C)
Suhedral py2b overgrown by euhedral py3 with interstitial galena and sphalerite from the ACTM
(sample Don-200-383.7) and D) Anhedral sooty py2b overgrown by subhedral and euhedral clear
py3 from the CCMS (sample PN-03-215.3).

Sphalerite and galena occur together with pyrite throughout the Duo Lake and Portrait
Lake formations. Sphalerite and galena in pyrite are generally small (<0.2 mm) and occur as
fracture fillings within, and interstitial to, adjacent pyrite crystals (Figs. 2.5E, 2.8C). Whereas
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these base-metal sulfides are typically interstitial to individual pyrite framboids (Fig. 2.4A-B),
inclusions of sphalerite or galena are rare within well-defined framboidal matrices. These basemetal sulfides are also common within py2a and py2b of the Zn-Pb mineralization (i.e., ACTM,
mUSMS and mineralized BSSM); however, minute base-metal sulfide grains also occur in host
rocks that do not contain SEDEX Zn-Pb deposits. Rare chalcopyrite is distributed throughout the
Duo Lake, Steel and Portrait Lake formations, but is present in conspicuously low abundances in
the Zn-Pb mineralization. Chalcopyrite is interstitial to pyrite crystals (Fig. 2.7B), and less
commonly occurs as anhedral overgrowths on pyrite (Fig. 2.8B). Discrete grains of chalcopyrite
are rare. Scarce grains of millerite and gersdorffite also occur, respectively, in the USMS and
CCMS.
2.5.2 Pyrite major and trace element geochemistry
The major element compositions of pyrite were determined by EPMA-WDS. Spot
analyses across crystals were employed to measure the content of major and trace elements within
individual pyrite generations. The major element compositions of pyrite are predominantly
stoichiometric, where Fe = 46.21±0.48 wt.% and S = 53.58±0.48 wt.% (n=116). These values
were measured with spot traverses across 13 pyrite crystals from the Duo Lake Formation (n=10)
and from the Steel Formation (n=3).
The minor and trace element compositions of py1 (n=101), py2a (n=150), py2b (n=239)
and py3 (n=87) were determined by LA-ICP-MS (Appendix A). A series of line rasters across
pyrite crystals measured the distributions and contents of minor and trace elements. Pyrite in the
HPD contains a broad suite of trace elements, the most abundant of which are Mn, Co, Ni, Cu,
Zn, As, Se, Mo, Ag, Sb, Tl, Pb and Bi. The contents of these elements vary between the pyrite
generations (Figs. 2.9, 2.10) and the stratigraphic position of the host rocks in which they reside
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(Fig. 2.11). Trace element variability is coincident with textural and morphological variability in
pyrites with multiple growth zones (Fig. 2.12).
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Figure 2.9 Box and whisker plots of trace element contents with respect to pyrite generation. A)
FLMD, B) USMS, C) ACTM and D) CCMS. Boxes outline the 25th to 75th percentiles and
whiskers extend to the 5th and 95th percentiles. Note that Zn and Pb contents > ca. 10000 ppm are
most likely due to micron- to submicron-scale inclusions within pyrite. Trace element contents
below the lower limit of detection were removed from the box and whisker plots.
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Py1 generally has the highest contents of trace elements within the FLMD (Fig. 9-10A).
This is not strictly true for the USMS and CCMS (Figs. 2.9-2.10B, D), where only the contents of
Mn, Zn, Mo, Ag, Sb, Tl and Pb are enriched in py1 relative to subsequent generations. Contents
of Co, Ni, Cu, Se and Bi in py1 are similar to or slightly less than subsequent py2a or py2b (Figs.
2.9-2.10 B, D). Within the ACTM, py1 has the highest median contents of Zn, Mo and Tl. Py2a
and py2b have the highest median contents of Mn, Co, Ni, Cu, As, Se, Ag, Sb, Pb and Bi (Fig.
2.9-2.10C). Py3 typically has the lowest median trace element contents with the exceptions of Ni
and Se within the USMS (Fig. 2.10B) and As and Ni within the CCMS (Figs. 2.9-2.10 D).
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Figure 2.10 Box and whisker plots of trace element contents with respect to pyrite generation. A)
FLMD, B) USMS, C) ACTM and D) CCMS. Boxes outline the 25th to 75th percentiles and
whiskers extend to the 5th and 95th percentiles. Trace element contents below the lower limit of
detection were removed from the box and whisker plots.
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Trace element contents of pyrite in the HPD stratigraphic succession are zoned. Median
Mn, Co, Ni, Se, Tl, Pb and Bi contents in pyrite display the most variability (one order of
magnitude or greater) from the base to the top of the stratigraphic succession (Fig. 2.11A, C).
Median Cu, Zn, As, Mo, Ag and Sb contents in pyrite display less variability (less than one order
of magnitude) from the base to the top of the stratigraphic succession (Fig. 2.11A, C).
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Figure 2.11 A comparison of box and whisker plots for LA-ICP-MS pyrite (A and C) and wholerock (B and D) trace element contents with respect to stratigraphic position. Analyses of py1,
py2a, py2b and py3 were compiled in A) and C). Boxes outline the 25th to 75th percentiles and
whiskers extend to the 5th and 95th percentiles. Trace element contents below the lower limit of
detection were removed from the box and whisker plots.
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Figure 2.12 Photomicrograph accompanying LA-ICP-MS trace element distribution maps of
texturally zoned diagenetic pyrite nodule consisting of framboidal pyrite (core), inclusion-rich
‘sooty’ (S. Py2b) to inclusion-free ‘clear’ (C. Py2b) diagenetic pyrite and metamorphic pyrite
(outermost rim) in FLMD sample ANC-109-114.5. Color ramps are nonlinear log10 ppm.
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2.5.3 Sulfide inclusions
Much care was taken to avoid base-metal sulfide mineral inclusions commonly present in
pyrite; however, grains that are interstitial to pyrites and inclusions present below the polished
surface could not be avoided. The line raster maps used to image the trace element distributions
in pyrite permitted the exclusion of areas with base-metal sulfide inclusions, as evidenced by
sharp increases followed by sharp decreases in the ablation/time profiles (e.g., Fig. 2.13). Despite
this care, some of the pyrite analytical data may have minute inclusions of sphalerite, galena or
chalcopyrite that are spatially unresolvable (<20 µm) using LA-ICP-MS. Trace element
distribution maps have shown that pyrite (except where noted) is the primary host of the trace
elements reported.
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Figure 2.13 A) Photomicrograph of sooty py2a mantled by inclusion-free py3 with LA-ICP-MS
traverse on sample ANC-109-183.8 from the CCMS; B) Iron, Cu, Zn and Pb counts per second
versus time for the traverse A-A’. The black and green arrows indicate subsurface minute
inclusions of chalcopyrite and sphalerite in pyrite, respectively.
2.5.4 Whole-rock compositions
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The trace element compositions of BSSM (n=14), FLMD (n=18), USMS (n=89), ACTM
(n=29) and CCMS (n=111) were measured using solution ICP-MS (Appendix B). Herein, we
report the data for Mn, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Sb, Tl, Pb and Bi contents (Fig. 2.11B,
D). The data provide a comparison with LA-ICP-MS analyses of pyrite hosted in the same
lithological units; however, these lithogeochemical analyses were done on a similar, but
physically different set of samples than those chosen for LA-ICP-MS analyses. Nevertheless, the
lithogeochemical data are in general agreement with the LA-ICP-MS data (Fig. 2.11A, C). The
agreement between these sets of data suggests that pyrite, in the absence of significant base metal
sulfides or calcite, is the predominant repository for the aforementioned elements.
The compositional data presented in Figures 2.9, 2.10 and 2.11 are separated into 2
groups based on their stratigraphic associations. Group A elements (Zn, Pb, Mn, As, Ag, Sb and
Tl) are enriched in the ACTM by a factor of two to ten compared with the surrounding host rocks.
The relative enrichment of these elements occurs in either the pyrite alone, in the bulk rocks alone
or in both of the corresponding datasets (Fig. 2.11A-B). Group B elements (Co, Ni, Cu, Se, Mo,
and Bi) are depleted in the ACTM by a factor of two to ten relative to the host rocks. The relative
depletion of Group B elements occurs in both pyrite and whole-rock samples (Fig. 2.11C-D).
Element groupings are supported by correlation coefficient matrices of both LA-ICP-MS and
bulk rock data (Fig. 2.14).
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Figure 2.14 Correlation matrices showing: A) Pyrite LA-ICP-MS and B) Whole-rock
compositional data. Data in both A) and B) are for samples collected within Road River Group
rocks.

2.6 Discussion
2.6.1 Pyrite paragenesis
Framboidal pyrite (and its metastable Fe monosulfide precursors) is generally recognized
as the earliest form of pyrite to precipitate in low-temperature reducing aqueous environments
(Berner, 1984; Wilkin and Barnes, 1997). In most cases, framboid formation occurs in anoxic
marine environments where pyrite is precipitated in a euxinic water column or in sulfidic
sediment porewaters during early diagenesis. Several studies suggest that the size distribution of
framboidal pyrite provide information on where framboids form (i.e., water column or sediment
porewaters), as well as basin redox conditions (Bond and Wignall, 2010; Wignall and Newton,
1998; Wilkin et al., 1997). Investigations into the size distribution of framboidal pyrite indicates
that formation in euxinic (i.e., anoxic and sulfidic) water is dominated by uniformly sized, very
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fine-grained (three to five µm) framboids, whereas suboxic (below ca. 20 µM dissolved oxygen;
Piper and Calvert, 2009) waters yield larger (six to ten µm) and more variably sized framboids
that precipitate in sediment porewaters below the sediment-water interface (Bond and Wignall,
2010; Wignall and Newton, 1998; Wilkin et al., 1996; Wilkin and Barnes, 1997).
Goodfellow and Jonasson (1986) interpreted framboids in the HPD to have formed in a
euxinic water column together with sphalerite and galena, and cited delicately laminated beds of
graded framboids as a primary line of evidence for synsedimentary deposition. However, their
interpretation of the formational process of mechanical sorting is contrary to the current
understanding of framboid formation in euxinic waters because these yield fairly uniformly sized
framboids (Wilkin et al. 1997). Our petrographic observations have not revealed the presence of
any systematic geopetally oriented framboidal pyrite. Rather, framboid-rich laminae contain a
wide range of framboid sizes (3 to 25 µm diameter) with no apparent sedimentary control on the
size distribution. Within the ACTM, the presence of variably sized and abundant large framboids
(>10 µm diameter) suggests that the ambient environment was suboxic (cf., Bond and Wignall,
2010). This implies that some py1 likely precipitated from sediment porewaters, and not from
euxinic bottom waters that yield uniformly sized and smaller framboids.
Goodfellow (1987) indicated euxinic bottom water conditions persisted during the ca. 50
M.y. time period for deposition of the entire Duo Lake Formation, and cited as supporting
evidence the delicately laminated sediments, high organic carbon contents and lack of
bioturbations. However, these features are not unambiguously diagnostic of euxinic bottom water
conditions because such features can also form under suboxic conditions (Slack et al., 2015).
Thus, in the HPD, ambient marine conditions during the Late Ordovician to Early Silurian likely
oscillated from suboxic to anoxic, and perhaps, euxinic conditions (Johnson et al., 2014; Slack et
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al., 2011). Laminations of pyrite framboids may, therefore, re-sedimented from turbidity currents
or soft-sediment slumping that locally reworked framboid-bearing sediments. This process could
have produced the laminated textures present in the ACTM. From a paragenetic standpoint,
reworking of preexisting sediments followed deposition of framboidal pyrite.
Polyframboidal pyrite is present in both the mineralization and the host rocks. This
textural type of pyrite is interpreted to have formed during the earliest stages of diagenesis (Love,
1971). A diagenetic origin is supported by the presence of draped mud laminae that are displaced
around spheroidal polyframboidal masses. Gas vacuoles (Love, 1971) and fecal pellets
(Tribovillard et al., 2008) have been suggested to be the nucleation sites for polyframboids. The
spheroidal nature of polyframboids in the HPD is consistent with precipitation in gas/fluid
vacuoles. In general, framboidal pyrite is much less common in the unmineralized host rocks.
Where present, py1 generally occurs as discrete polyframboidal aggregates (e.g., Fig. 2.5C) and is
volumetrically subordinate to bedded and nodular diagenetic pyrite.
Py2a differs from laminated framboidal pyrite in that it overgrows or obliterates early
framboid textures. Silicate inclusion-rich py2a, in some cases, fines upward to give the semblance
of graded beds (Fig. 2.6A). This texture has been interpreted to originate from pyrite falling out
of the water column (Goodfellow, 1987); however, pyrite-rich beds are commonly composed of
aggregate crystals that contain more than one generation of pyrite (Fig. 2.6C, D). The aggregation
is partly due to diagenetic coalescence of early pyrite (Jonasson and Goodfellow, 1986), but the
preservation of laminated framboids demonstrates that later pyrite formed overgrowths on the
earlier pyrite. Because py2a clearly postdates framboidal py1, it is likely that the former grew
during early diagenesis prior to compaction and lithification.
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The other diagenetic variety of pyrite, py2b, displays similar overgrowth characteristics
to py2a. Lianxing and McClay (1992) recognize pyrite growth textures that resemble py2b from
Late Devonian SEDEX deposits MacMillan Pass, a Zn-Pb-Ba district within the Selwyn Basin,
where inclusion-rich and inclusion-free diagenetic pyrite occurs as overgrowths on framboids.
Euhedral diagenetic pyrite growth and direct precipitation of pyrite in sediment porewaters is
thought to result from the lower supersaturation level of dissolved pyrite in porewaters relative to
the higher supersaturation level during framboid growth (Raiswell, 1982). Experimental studies
have shown that a decreased pyrite supersaturation state, such as occurs in sediment porewaters,
favors single crystal nucleation over rapid pyrite crystallization that produces framboidal pyrite
(Butler and Rickard, 2000). Inclusion-rich and inclusion-free diagenetic pyrites are commonly
intergrown (Figs. 2.7A-C, 12). It is likely that the degree of pyrite supersaturation in the sediment
porewaters in the HPD fluctuated during diagenesis, where inclusion-free pyrite is precipitated
under lower pyrite supersaturation and inclusion-rich pyrite is precipitated under higher pyrite
supersaturation. Framboidal pyrite is a common nucleation site for subsequent diagenetic pyrite
growth (Berner, 1984); therefore, we interpret py2b to have formed during diagenesis in reduced
sediment porewaters prior to lithification.
Metamorphic py3 clearly overgrows and crosscuts earlier diagenetic pyrite types. Py3
euhedra form porphyroblasts within quartz-calcite strain shadows and are aligned with the
approximate NW/SE regional axial planar cleavage (Fig. 2.8A). Py3 overgrowths are also
euhedral, but only form veneers on earlier pyrite generations (Fig. 2.8B-C). These veneers are
crystallographically aligned with the regional cleavage that was developed during orogenesis
during the Late Jurassic through Early Cretaceous in the Canadian Cordilleran (Gordey and
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Anderson, 1993; Jonasson and Goodfellow, 1986). It follows that the formation of py3 likely
occurred during this major tectonic event.
2.6.2 Trace element variability among pyrite generations
Pyrite formation in the HPD predominantly occurred in three relative time domains: 1)
synsedimentary to earliest diagenesis (py1), 2) early to late diagenesis (py2a and py2b) and 3)
synmetamorphism (py3). Variability in the spatial and temporal domains of pyrite formation
allows inferences to be made about the trace element availability at the time of pyrite formation.
Because our data include pyrite from both mineralized and unmineralized sedimentary rocks,
there are strong contrasts in the compositions of pyrite in the same relative time domain. The
trace element content of pyrite is considered to reflect the composition of the fluids from which
the pyrite formed, which accounts for the heterogeneity in the trace element contents between
pyrite generations (Berner et al., 2013).
The synsedimentary to earliest diagenetic formation of py1 suggests that the trace
element composition is inherited from the ambient water column. Low rates of clastic
sedimentation (0.4 cm/1000 yr) do not inhibit exchange between the overlying water column and
uppermost sediment porewaters until deeper burial (i.e., tens of cm) (Goodfellow and Jonasson,
1986; Pisarzowska et al., 2013). Thus, the trace elements in py1 are likely sourced from
unmodified ambient seawater. The incorporation of these elements into pyrite is likely due to the
rapid, early crystallization of this pyrite generation, which facilitated the incorporation of large
quantities of trace elements (Large et al., 2009). Subsequent generations (py2a, py2b and py3)
typically contain lower quantities of trace elements and are coarser grained than early pyrite in
the HPD (Fig. 2.12). Diagenetic and metamorphic pyrites are a product of slower crystallization
rates, and this favors the partitioning of trace elements into other sulfide phases (Butler and
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Rickard, 2000; Large et al. 2009). Diagenetic and/or metamorphic recrystallization of pyrite can
remove or diffuse away/out metals that are only weakly bound in the pyrite crystal lattice (Zn, Pb
and Cu) that also result in the crystallization of separate sulfide phases and decrease the
abundances of these elements in pyrite (Figs. 2.15-2.16) (Huston et al., 1995).
The distribution of trace elements among pyrite generations is somewhat different in the
SEDEX deposits of the ACTM (Figs. 2.9C, 2.10C). Here, the contents of many of the trace
elements in py2a and py2b are similar to, or higher than, those in py1. The Group A elements are
of particular interest because they are thought to be components of the SEDEX mineralizing
fluid.
2.6.3 Group A elements: Zn, Pb, Mn, Tl, As, Ag and Sb
Group A elements share similar stratigraphic distributions that occur both in pyrite and in
bulk rock (Fig. 2.11A-B). As mentioned above, the principal resident sites for Zn and Pb in the
HPD are sphalerite and galena. The remaining Group A elements are predominantly incorporated
into py2a, py2b and, to a lesser extent, py1 (Figs. 2.15 and 2.16). The relative enrichment of
Group A elements in the ACTM (compared with unmineralized host rocks) suggests that these
elements were delivered with the SEDEX-forming fluids. It is important to point out that our
Group A elements for pyrite also can occur in sphalerite (Mn, Ag, Tl; Cook et al., 2009; Graham
et al., 2009) and in galena (Ag, Sb, Tl; Deditius et al., 2011; George et al., 2015) from a diverse
range of mineral deposit types.
The incorporation of Mn into pyrite is strongly redox dependent and, in euxinic
environments, pyrite sequesters Mn (Huerta-Diaz and Morse, 1992). A compilation of trace
element contents in diagenetic pyrite hosted in black shale successions thought to be unrelated to
known metallic mineral deposits suggests that the global average Mn content of diagenetic pyrite
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is 780 ppm (Large et al., 2014). High Mn contents in host shales are documented in some SEDEX
Zn-Pb-Ag deposits in Germany (Gwosdz and Krebs, 1977) and Australia (Large et al., 2000;
Large and McGoldrick, 1998). In the Australian HYC deposit, manganiferous dolomite forms an
extensive lateral halo below SEDEX mineralization in the stratigraphic footwall, which is thought
to be the product of cool brine exhalation prior to the onset of the major HYC SEDEX
mineralizing event (Large et al. 2000). Although Mn and Ca inter-element lithogeochemical
correlations indicate the presence of Mn in carbonate phases (Fig. 14), a similar dispersion halo
has not been recognized in carbonate rocks in the HPD. Interestingly, pyrites with the highest Mn
contents are in the lower to middle USMS that lies conformably above the ACTM, whereas bulk
lithogeochemical data show that the highest Mn contents are with rocks in the ACTM (Fig.
2.11B). However, the reason for the extremely high Mn contents (up to 2.8 wt.%) within pyrite
from the USMS remains unresolved.
Thallium contents are highest (up to 500 ppm) in py1, py2a and py2b in the ACTM (Figs.
2.15, 2.16). Pyrites in the USMS and CCMS have higher Tl contents than pyrites from the upper
part of the stratigraphic section. High Tl contents in ores and altered sedimentary wall rocks that
host SEDEX-style Zn-Pb-Ag districts are attributed to the dispersion of this element in
metalliferous hydrothermal fluids (Large et al., 2000; Large and McGoldrick, 1998). A broad
halo of thallium enrichment occurs in unmineralized host rocks at HYC, where contents >4 ppm
are considered anomalously high (Large et al. 2000). Within the HPD, however, thallium contents
of both the host rocks and the mineralization rarely exceed one ppm. Similar to HYC, the highest
Tl contents are contained in the Zn-Pb deposits of the HPD. The underlying and overlying nonmineralized host rocks contain slightly lower Tl contents. Relatively high Tl contents in both
diagenetic pyrite (up to 500 ppm) and the host rocks (up to 9 ppm) are documented along the
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entire HPD (Fig. 2.1B), suggesting that a laterally extensive halo is present there and, albeit much
less pronounced, is analogous to that observed at HYC.

5E5

1E7

1E5

1E6

sph

1E4

py2b

1E5

1E3
py3

57Fe

100

1E4
66Zn

1E3

py1

500

0.10mm

100

100

10

10
55Mn

1E3

205Tl

100

1E3

100
10

75As

10

121Sb

1

Figure 2.15 Photomicrograph (upper left) accompanying trace element distributions of py1, py2b
and py3 in ACTM sample XYC-190-372.0. Note layered(?) sphalerite surrounding py2b and that
trace elements commonly present in sphalerite (i.e., Mn and Sb; Cook et al. 2009) have the
highest abundances in pyrite. Color ramps are linear ppm except Fe and Zn that are in linear
counts per second.
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The presence of Sb and Ag in pyrite is also noteworthy. Pyrite is the primary sink for Sb
(Figs. 2.15-2.16), but it also resides in sphalerite (Fig. 2.15) and in galena. This indicates that
sphalerite and galena may scavenge Sb preferentially over pyrite, and this may explain the
discrepancy between the Sb content in pyrite compared to the bulk Sb content (Fig. 2.11A-B).
Arsenic is a common element in many hydrothermal mineral deposits. The stratigraphic
distribution of As is very similar to that of Tl in both pyrite and bulk samples (Fig. 2.11A-B),
hence we also interpret As to be a component of the SEDEX mineralizing fluid in the HPD.
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Figure 2.16 Photomicrograph (upper left) accompanying trace element distribution maps of
py2a-py3 in ACTM sample Don-200-382.0. Framboidal py1, if present, has been pervasively
recrystallized such that the primary textures were obliterated. Color ramps are linear ppm except
Ca that is in counts per second.
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Among all pyrite types, Zn is the only Group A element significantly enriched in py1
(fig. 2.9C); however, the median Tl content of py1 is two to three times higher than in py2b and
py2a, respectively. Whereas the Tl content likely reflects analyses of framboids >6 µm (i.e.,
diagenetic in origin; Bond and Wignall, 2010), the Zn enrichment is due to minute sphalerite
grains interstitial to individual framboids (Fig. 2.15). The high contents of the other Group A
elements in py2a and py2b, especially Pb and Ag, suggests that these pyrite generations could
have formed from the same Zn and Pb mineralizing fluids in the HPD mineralization.
2.6.4 Group B elements: Co, Ni, Cu, Se, Mo and Bi
The stratigraphic distribution of Group B elements (Co, Ni, Cu, Se, Mo, and Bi) indicates
that these elements are probably of hydrogenous origin. Contents of these elements within the
ACTM are lower than in the immediate host mudstones. Contents of these elements are also
highest in the most organic carbon-rich stratigraphic units (i.e., CCMS and USMS). Total organic
carbon (TOC) contents of up to 10 wt.% are not uncommon in the CCMS and USMS (Peter et al.
in prep). Organic-rich mudstones sequester these elements from seawater/porewater during
sedimentation and subsequent diagenesis (Algeo and Maynard, 2004; Large et al., 2014; Slack et
al., 2004b). These elements form strong organometallic bonds and are scavenged from seawater
by organic matter near the sediment-water interface. The breakdown of organic matter during
diagenetic bacterial sulfate reduction liberates organically bound elements, and in reducing
bottom water and sediment porewater conditions these elements are incorporated into diagenetic
pyrite (Tribovillard et al., 2006). Within pyrite, these elements occur either as stoichiometric
lattice substitutions (Co, Ni, Se) or nonstoichiometric lattice substitutions (Cu, Mo and Bi)
(Huston et al., 1995).
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Our stratigraphic distribution profiles of Co, Ni, Cu and Mo in the HPD stratigraphic
succession (Fig. 2.11D) are identical to those determined in previous studies (Goodfellow et al.,
1983, Fig. 13). Goodfellow et al. (1983) concluded that Co, Ni, Cu and Mo are of hydrothermal
origin, in addition to Pb and Zn; however, if Co, Ni, Cu and Mo were important components of
the hydrothermal SEDEX fluids, then stratigraphic profiles similar to Tl and As (Fig. 2.11A-B)
would be expected. Our pyrite and bulk compositional data both show that the ACTM is deficient
in Co, Ni and Cu relative to the enclosing unmineralized carbonaceous mudstones. Therefore, the
low Co, Ni and Cu contents within the ACTM are more likely attributable to the lower
availability of these elements during the formation of the ACTM, and thus are not a function of
their presence in discrete sulfide mineral phases other than pyrite.
2.6.5 Trace elements and sulfide mineral inclusions
Sphalerite and galena can contain various trace elements, some of which also commonly
reside in pyrite (Mn, Se, Ag, Sb, Tl and Bi). Because pyrite is intergrown with sphalerite and
galena in the ACTM, it is plausible that these trace elements could be present in pyrite and/or in
base-metal sulfides. LA-ICP-MS imaging of intergrown sphalerite and pyrite from HP reveals
that Mn, As, Sb and Tl are predominantly hosted in pyrite (Fig. 2.15). Although sphalerite may
contain a minor amount of these elements, bivariate plots (Appendix C) of time resolved LA-ICPMS data from Figure 2.15 indicate that there are positive correlations between Mn and Fe (r=0.6),
Tl and Fe (r=0.7), As and Fe (r=0.8), and Sb and Fe (r=0.5). Conversely, negative correlations
between Mn and Zn (r=-0.6), Tl and Zn (r=-0.7), As and Zn (r=-0.7), Sb and Zn (r=-0.4) indicate
that the contents of these elements in sphalerite are subordinate to pyrite. Thus, although there are
positive correlations between Tl and Zn (Fig. 2.14A-B), this is due to Tl-rich pyrite associated
with sphalerite mineralization.
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Iron and Cd also typically occur in sphalerite from diverse types of ore deposits (Cook et
al., 2009). The Fe content of sphalerite is moderate and systematically decreases from the base
(5.3 mol.% Fe) to the top (1.8 mol.% Fe) of the ACTM (I.R. Jonasson, personal comm. 2014).
Further, petrographic study indicates that pyrite is the primary iron sulfide phase in the HPD.
Trace pyrrhotite has been reported (Goodfellow and Jonasson, 1986; Kawasaki and Symons,
2012), but was not observed in our samples. Thus, the contribution of pyrrhotite to the iron
sulfide budget is negligible. In the HPD, Cd is predominantly present in sphalerite (e.g., Fig.
2.14A-B), and is not considered to be an important trace element in pyrite.
Selenium, Ag, and Bi are common trace elements in galena (Deditius et al., 2011; George
et al., 2015), and these elements have been documented in galena from the HPD (Fig. 2.16).
Although Fig. 16 shows Ag distributed in py2a, the highest Ag contents are associated with
minute galena inclusions in py3. George et al. (2015) recently reported that galena sequesters Tl
from hydrothermal fluids. In our dataset, Pb and Tl have a moderate positive correlation (Fig.
2.14). Trace element mapping of pyrite reveals that pyrite is the primary host to Tl and that py2a
with high Pb (up to ca. 10000 ppm) also has high Tl (Fig. 2.16). The paucity of Tl in nearby
(~100 µm) galena inclusions within py3 of Figure 2.16 further corroborates that Tl is primarily
contained within the diagenetic pyrite. The relatively low contents of Se, Ag, and Bi in py1, py2a
and py2b in the ACTM suggest that galena has sequestered these elements in part. In the absence
of galena, pyrite is likely the primary Ag host (Fig. 2.12).
2.6.6 Pyrite formation, trace elements compositions and timing of SEDEX mineralization
Goodfellow (2004) proposed that mineralizing fluid responsible for the HPD SEDEX
deposits were dense, bottom-hugging brines that exhaled from a submarine vent distal to
mineralization in pulses related to the reactivation of early growth faults. The brine migrated to,
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and eventually settled into a bathymetric low (i.e., the Howard’s Pass sub-basin). In this genetic
model, sphalerite, galena and framboidal pyrite were the products of chemical sedimentation in a
density and redox stratified water column. If this were the case, then py1 would be expected to
contain the highest contents of Group A elements in the ACTM; however, this is not the case, as
py1, py2a and py2b in the ACTM have similar Group A element contents (Fig. 2.9C).
Pyrite is a moderately refractory mineral and can retain its primary trace element
composition during low-grade metamorphism, but pervasive recrystallization in the presence of
hydrothermal fluids can alter its primary composition (Large et al. 2014). Py1 is a common
nucleation site for later pyrite growth in the HPD (Figs. 2.5D, 2.6C-D, 2.7A). Petrography
indicates, however, that diagenetic py2a and py2b formation has, in places, texturally modified
primary pyrite such that py1 is overprinted by later pyrite deposition (Figs. 2.15, 2.16). The
highest contents of Group A elements in the ACTM are generally hosted in py2a and py2b that
have nearly obliterated py1 (Figs. 2.15, 2.16), and this suggests that the fluids with high
concentrations of Group A elements are the same fluids that precipitated py2a and py2b in the
ACTM. Py2a and py2b clearly postdate py1, implying that SEDEX mineralization and
framboidal pyrite formation were not solely contemporaneous in the HPD (Fig. 2.17).
Significantly, these data indicate that base-metal sulfide deposition also occurred within
sediments during diagenesis rather than within the water column exclusively.
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Figure 2.17 Sketch depicting pyrite growth in the HPD as products synsedimentary, diagenetic
and metamorphic processes. Pyrite paragenesis is placed into time frame relative to positions of
host stratigraphic units. Post-Late Silurian sedimentation and pyrite growth is not shown. Dashed
horizontal lines are times of inferred growth.

Sangster (2002) experimentally modeled the transport of dense brine into sedimentary
basins and showed that the brines could travel relatively far from the source area. These
experiments used sand as the sediment medium as opposed to fine-grained mud that typically
hosts SEDEX deposits. Mud is much less permeable than sand, but has high initial porosity that is
retained for tens to hundreds of meters below the sediment-water interface (Einsele, 2000). Warm
basinal brines, such as those inferred as the SEDEX-forming fluids, may be denser than seawater
(e.g., Type I fluid of Sato, 1972) and are capable of carrying significant concentrations of
dissolved metals (Hanor, 1979; Yang et al., 2004; Yardley, 2005). A consequence of the density
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contrast between the brine and porewaters is that the sinking brine displaces less dense sediment
porewaters into the basin margins and overlying water column (Sangster, 2002). In this model,
the products of this fluid exchange are porewaters enriched in the components of the heavy brine
and deficient in hydrogenous porewater trace elements.
The model we propose is based on experimental modeling by Sangster (2002) and
involves formation of high-salinity, hydrothermal brine ponded in a redox-stratified water column
distal from its source. The density of this brine was greater than that of the ambient seawater,
which facilitated its transport and deposition into the Howard’s Pass sub-basin. Upon deposition,
the ponded SEDEX-forming fluid descended into unconsolidated carbonaceous muds by
displacing less dense sediment porewater (Fig. 2.18A). Hydrothermal chemical sedimentation
occurred within the pooled brine near the sediment-water interface, where sulfidic porewaters
mixed with hydrothermal brines and produced particulate galena, sphalerite and fine-grained (<6
µm) pyrite (Fig. 2.18A). As dense brine sank into muds and precipitated base-metal sulfides, the
cementation of fine-grained muds resulted in reduced permeability. Continued sedimentation
combined with the loss of permeability by cementation generated over-pressurized pore fluids
below impermeable horizons and eventually resulted in upward directed compaction-driven fluid
flow (Fig. 2.18B). These diagenetic fluid migration features are preserved in the HPD as
sphalerite- and galena-filled ‘pillar structures’ (Morganti, 1979) or ‘dewatering pipes’ (Jonasson
and Goodfellow, 1986). Dewatering may have promoted further mixing at the brine-seafloor
interface (Fig. 2.18B).
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Figure 2.18 Schematic model of SEDEX deposit genesis in the HPD. A) Synsedimentary sulfide
deposition (py1, sphalerite, galena) accompanied by sinking of dense brine into permeable muds;
B) Sinking brines percolating into muds precipitate early diagenetic sulfide (py2a, py2b,
sphalerite and galena) and carbonate minerals. Loss of permeability is likely followed by vertical
compaction and dewatering (no scale implied). Adapted and modified from Ireland et al. (2004).
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Our data are compatible with dense brine sinking model of Sangster (2002), but these
data do not preclude fluid flow below the sediment-water interface during later diagenesis. ZincPb-rich fluids flowing through reduced permeable muds may have deposited galena, sphalerite
and pyrite by the replacement of reactive sediments (e.g., labile organic carbon or carbonates).
Constraining the possible role of subseafloor replacement is difficult without a clear
understanding about the spatial distribution of hydrothermal fluid discharge site(s). There are
several possibilities, which include fluid movement along synsedimentary faults at the sub-basin
margin (Goodfellow et al., 1993) or carbonate platform-shale basin lithological transition
(Morganti 1979); however, none of these features have been documented within the HPD.
A model similar to ours has been previously presented for the HYC Zn-Pb-Ag SEDEX
deposit (Ireland et al., 2004). On the basis of mineral textures and sulfur isotope compositions,
these authors suggest that synsedimentary and syndiagenetic mineralization at HYC was a
product of complex interactions among metalliferous brines, reduced porewaters and reduced
bottom waters. Preliminary pyrite sulfur isotope data from the HPD reveals strong textural control
on isotopic compositions, where negative δ34S values in framboidal py1 are juxtaposed by heavy,
positive values in adjacent py2a and galena (Gadd et al., 2014; Gadd et al., 2015a). These
similarities suggest that Australian SEDEX deposits and the HPD, and perhaps other SEDEX
deposits within the Selwyn basin, have more in common than was previously recognized (Cooke
et al., 2000).

2.7 Conclusions
There is diversity in the different pyrite types that occur throughout the stratigraphy, and
at the single grain-scale there is compositional variability among the different morphologies;
however, trace element enrichment suites and abundances among pyrite generations in a given
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stratigraphic unit are relatively consistent, suggesting that the pyrite compositions reflect the
environment in which it formed. These findings are consistent with other studies of pyrite hosted
in carbonaceous mudstones (Huerta-Diaz and Morse, 1992; Large et al., 2014; Large et al., 2007).
The broad correspondence between LA-ICP-MS and lithogeochemical stratigraphic
profiles supports the validity of using microanalytical techniques focused on specific mineral
phases. Results of the datasets imply that pyrite is the primary host for Co, Ni, As, Se, Mo, Sb
and Tl; pyrite also hosts Mn, Zn, Cu and Pb, but to a lesser extent. We have shown that multiple
generations of pyrite in the HPD formed from hydrothermal mineralizing fluids and sediment
porewaters during sedimentation, compaction and dewatering, and from later metamorphic fluids.
Within the SEDEX deposits of the HPD, the syndiagenetic mineralizing fluid contributed Group
A elements to the pyrite composition. Within unmineralized strata, the pyrite compositions were
more strongly controlled by the ambient porewater conditions.
Our data suggest that most of the mineralizing event took place during diagenesis, where
settling of dense metalliferous brine into permeable muds expelled less-dense porewaters. This is
because diagenetic pyrite (i.e., py2a and py2b) clearly post-dates framboidal pyrite and, within
the ACTM, contain the highest contents of hydrothermal Group A trace elements. This suggests
that syngenetic mineralization (i.e., chemical sedimentation above the sediment-water interface)
was subordinate to diagenetic mineralization within the unconsolidated sediments and precludes
the metamorphic introduction of metalliferous fluids. Therefore, given the protracted growth
history of pyrite, the trace element abundances and distributions among pyrite types provide the
strongest evidence for the relative timing of Zn-Pb SEDEX mineralization within the HPD.
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Chapter 3
The world-class Howard’s Pass SEDEX Zn-Pb district, Selwyn Basin,
Yukon. Part II: The roles of thermochemical and bacterial sulfate
reduction in metal fixation2

3.1 Abstract
The Howard’s Pass district of sedimentary exhalative (SEDEX) Zn-Pb deposits is located in
Yukon Territory and comprises 14 Zn-Pb deposits that contain an estimated 400.7 Mt of sulfide
mineralization grading at 4.5% Zn and 1.5% Pb. Mineralization is hosted in carbonaceous and
calcareous and, to a lesser extent, siliceous mudstones. Pyrite is a minor but ubiquitous mineral in
the host rocks stratigraphically above, within, and below mineralization. Petrographic analyses
reveal that pyrite has a complex and protracted growth history, preserving multiple generations of
pyrite within single grains. Sulfur isotope analysis of paragenetically complex pyrite by
secondary ion mass spectrometry (SIMS) reveals that sulfur isotope compositions vary with styles
of textural zonation. Within SEDEX mineralization, framboidal pyrite is the earliest pyrite
generation recognized, and this exclusively has negative δ34S values (mean = -16.6 ± 4.1‰),
whereas later pyrite overgrowths and galena possess positive δ34S values (mean = 29.1 ± 7.5‰
and 22.4 ± 3.0‰, respectively). Previously published bulk sulfur isotope compositions of
sphalerite and galena mineral concentrates exclusively have positive δ34S values (mean = 16.8 ±
2
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3.3‰ and 12.7 ± 2.8‰, respectively). These distinct sulfur isotope populations are interpreted to
reflect varying contributions of bacterially reduced (negative; framboidal pyrite) and
thermochemically reduced seawater sulfate and hydrothermal sulfate (positive; galena, sphalerite,
later forms of pyrite). Textural evidence indicates that framboidal pyrite predates galena and
sphalerite deposition. Collectively, the in situ and bulk sulfur isotope data are much more
complex than δ34S values permitted by prevailing genetic models that invoke only biogenically
reduced sulfur and coeval deposition of galena, sphalerite and framboidal pyrite within a euxinic
water column. Considering these new data, we suggest that much of the base metal sulfide
mineralization was emplaced below the sediment-water interface within sulfidic muds under
reducing conditions during early diagenesis. Furthermore, thermochemical reduction of
metalliferous brine sulfate provided most of the reduced sulfur within the Pb-Zn deposits.

3.2 Introduction
The Late Ordovician to Early Silurian Howard’s Pass Zn-Pb district (HPD) of
sedimentary exhalative (SEDEX) deposits comprises 14 sulfide deposits that contain an estimated
400.7 Mt grading 4.5% Zn and 1.5% Pb (Kirkham et al., 2012). The HPD is located within the
Selwyn Basin (Fig. 3.1), a prolific metallogenic province that is primarily known for its worldclass Zn-Pb (±Ag ±Ba) SEDEX deposits (Fig. 3.1). Other major SEDEX districts in the Selwyn
Basin include the Middle Cambrian Anvil district and the Middle to Late Devonian MacMillan
Pass district. These districts, together with the HPD, collectively formed during a long, episodic
SEDEX-mineralizing history that was synchronous with Lower Paleozoic evolution of the
Selwyn basin (Abbott et al., 1986).
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Figure 3.1 A) General geologic map of the Selwyn basin showing the major SEDEX districts; B)
Geologic map of the Howard’s Pass district showing locations of SEDEX deposits and zones. 1:
XY zone (XY, XY Central and XY West deposits); 2: Brodel deposit; 3: HC zone (HC and HC
West deposits); 4: Don zone (Don and Don East deposits); 5: Anniv Zone (Anniv and Anniv East
deposits); 6: OP deposit; 7: Pelly North deposit (modified from Goodfellow, 2004).
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Pyrite is a ubiquitous component of the mineralization and host rocks in all of these
districts and has been the focus of numerous sulfur isotopic studies (e.g., Goodfellow, 1987;
Goodfellow and Jonasson, 1984; Morganti, 1979; Shanks et al., 1987). These studies focused on
the sulfur isotope composition of sulfide minerals at the mineral grain-scale to elucidate the
source(s) of sulfur in mineralization and the massive sulfide formational processes. Despite this
body of work, the source(s) and pathways of sulfur in Selwyn basin SEDEX Pb-Zn deposits
remains contentious (see discussions in: Cooke et al., 2000; Eldridge et al., 1989; Ohmoto and
Goldhaber, 1997; Ohmoto et al., 1990).
A common feature among SEDEX Pb-Zn deposits is the very fine-grained nature of the
sulfide minerals that hinders mechanical separation of pure sulfide mineral separates. The
development of high spatial resolution (ca. 10 µm spot size) ion microprobe techniques (e.g.,
secondary ion mass spectrometry, SIMS) ameliorates difficulties with measuring the sulfur
isotope composition of finely intergrown sulfide minerals (e.g., Eldridge et al., 1988; Eldridge et
al., 1993; Seal, 2006). Within SEDEX Pb-Zn-(Cu-Ag) ore systems such work has documented
the complex interplay between biogenic and abiogenic sulfate reduction mechanisms (e.g.,
Eldridge et al., 1993; Taylor, 2004; Taylor and Beaudoin, 2000). Within the Cambrian Ming
volcanogenic massive sulfide Cu-Au deposit, Brueckner et al. (2015) showed that finely
intergrown discrete sulfide minerals retain their primary sulfur isotope compositions despite
intense Ordovician-Silurian upper greenschist/lower amphibolite metamorphism. Williford et al.
(2011) demonstrated intra-grain δ34S variability (up to 40‰) within pyrites from the
Paleoproterozoic Kungarra Formation at the micron-scale, highlighting the importance of textural
and paragenetic controls on sulfur isotope compositions.
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Pyrite within the HPD formed over a protracted period of time extending from
synsedimentary to earliest diagenesis (py1), to early to late diagenesis (py2) through to
metamorphism (py3; see Chapter 2). These pyrites are texturally complex, and single grains are
commonly multi-generational and textural heterogeneity varies at the sub-millimeter scale.
Additionally, high-spatial resolution analysis by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) indicates that the trace element compositions vary with textural style.
Within the SEDEX deposits of the HPD, pyrite of all types is commonly intergrown with
sphalerite and galena. We have used standard petrographic reflected light microscopy and field
emission gun-scanning electron microscopy (FEG-ESEM) for textural documentation and SIMS
to determine the sulfur isotopic composition of the different textural styles and generations of
pyrite in the host rocks and Pb-Zn mineralization. The objective of the present study is to
investigate the relationship between the textural variability of pyrite and its sulfur isotope
composition in order to obtain a clearer understanding of the sulfur cycle in the HPD in terms of
the ultimate sulfur source(s) and pathway(s) of sulfur in the SEDEX Pb-Zn mineralizing fluids.

3.3 Background

3.3.1 Geology of the Howard’s Pass district
The HPD is hosted in carbonaceous mudstones of the Duo Lake Formation. These rocks are
carbonaceous, calcareous to siliceous mudstones. Locally, the Duo Lake Formation is subdivided
into informal members that, from the base to the top, comprise the Pyritic Siliceous Mudstone
member (PSMS), Lower Cherty Mudstone member (LCMS), Calcareous Mudstone member
(CCMS), Active member (ACTM) and Upper Siliceous Mudstone member (USMS) (Morganti,
1979). The Steel Formation conformably overlies the Duo Lake Formation and is locally named
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the Flaggy Mudstone member (FLMD) (Morganti, 1979). The ACTM hosts the SEDEX Zn-Pb
deposits. Biostratigraphic dating indicates that the ACTM was deposited in the Early Silurian (ca.
440 Ma) (Norford and Orchard, 1985). These authors also demonstrated that the ACTM spans
two conodont zones and gives a maximum depositional time interval of 5 M.y. Pyrite is a minor
but ubiquitous component of these rocks and constitutes, on average, 4.6 wt.% of the CCMS, 5.4
wt.% of the ACTM and 2.9 wt.% of the USMS.

3.3.2 SEDEX Zn-Pb deposits
The ACTM is laterally extensive and has a semi-continuous northwest/southeast strike of
at least 38 km (Fig. 3.1). The XY, Don and Anniv are the largest zones of mineralization in the
HPD. Each zone contains approximately 100 Mt grading 5 wt.% Zn and 2 wt.% Pb that is
contained within two to three individual deposits (Kirkham et al., 2012). The style of SEDEX
mineralization in each deposit is identical, and the rocks that host the deposits are interpreted to
be of the same age. The primary difference between individual deposits or zones is their variable
size and grade.
The ACTM is approximately 30 m thick and consists of sphalerite, galena and
subordinate pyrite; these sulfide minerals are intercalated with carbonaceous, calcareous and, to a
lesser extent, siliceous mudstones. There is no obvious systematic depositional pattern of sulfides
and muds. Rather, semi-massive sulfides are intercalated with sulfide-poor laminated
carbonaceous mudstone, laminated calcareous mudstone and bedded to massive limestone.
Although the ACTM is a continuous unit, it has been subdivided into two visually and
lithologically distinct sections (upper unit and lower unit; Goodfellow and Jonasson, 1986). The
lower ACTM is predominantly light to medium grey mudstone, with minor intercalations of black
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mudstone. The light coloration is due to its high calcite content and its low organic carbon
content. Sulfide mineralization within the lower unit of the ACTM consists of massive to semimassive sphalerite and galena. Here, laminated sulfides are less common and, where present,
highly deformed. Beds of sulfide-poor carbonaceous mudstone are thin (<0.5 m) and laminated,
and, in places, contain small (0.5 to 2.5 cm diameter) calcite nodules.
The upper ACTM is predominantly dark grey to black mudstone, with minor light grey
limestone intercalations and carbonate nodules. The dark coloration is due to its high organic
carbon contents. Well-developed laminae of cherty carbonaceous mudstone and framboidal pyrite
are common. At the drill-core scale, sphalerite and galena also appear to be laminated, whereas
massive to semi-massive sulfides are less common. Broadly, the lower unit of the ACTM is more
calcareous, less carbonaceous and less siliceous than the upper unit of the ACTM, but the grade is
relatively consistent through the entire ACTM with average Zn and Pb contents of ca. 4.5 and 1.5
wt.%, respectively. The pyrite content of the lower unit of the ACTM (ca. 3.9 wt.%) is less than
that in the upper ACTM (ca. 6.8 wt.%) (Gadd et al. unpublished data).

3.3.3 Sulfide petrography and mineralogy
Chapter 2 described the distribution, petrography and trace element compositions of
pyrite from the HPD in terms of textural heterogeneity and paragenetic sequence. In the present
study, we have analyzed those same samples or samples from the same rocks. Herein, the
petrographic results of Chapter 2 are briefly described to provide context for the isotopic data
presented. The textural types of pyrite are framboids (Figs. 3.2A, 3.3A-B), polyframboidal
clusters (Figs. 3.2A, 3.3C), bedding-parallel bands (Fig. 3.2B, 3.3A), nodules and coarse euhedra
(Figs. 3.2C, 3.3B), porphyroblasts and metamorphic overgrowths (Figs. 3.2D, 3.3B). Pyrite
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framboids and minute (1-5 µm diameter) euhedra (py1) consist of spherical aggregates of microcrystalline pyrite and irregular aggregates of minute pyrite crystals, respectively. Individual
framboids are generally <10 to 20 µm in diameter, and less commonly up to 50 µm in diameter.
Framboidal py1 occurs in places as agglomerated masses of several hundred microns across,
which form polyframboids. Although framboidal py1 occurs in the Duo Lake and Steel
formations, it is most abundant in the upper unit of the ACTM, where it forms delicate laminae
intercalated with carbonaceous sediments, sphalerite and galena.
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Figure 3.2 Reflected light photomicrographs of pyrite of different parageneses: A) Framboidal
pyrite (py1) intergrown with sphalerite (sample XYC-190-372.0); B) Framboidal pyrite (py1)
overgrown by diagenetic bedded pyrite (py2a; sample Don-200-382.0); C) Round, nodular
diagenetic pyrite (py2b; sample Don-076-221.9); and D) Metamorphic pyrite (py3) overgrowth
on diagenetic py2b (sample XYC-224-133.3). Abbreviations: sph: sphalerite; cpy: chalcopyrite.

Bedding-parallel layers, <1 mm to several mm thick, of intergrown pyrite (py2a)
comprise laminae of aggregated and intergrown subhedral to euhedral crystals (Fig. 3.2B). Py2a
forms wispy and discontinuous bands to well-formed continuous beds at the drill-core scale. Py2a
is common in the CCMS, ACTM and USMS and is rare in the FLMD. Well-formed py2a beds
overprint and preserve primary bedding of the host carbonaceous mudstones. Wispy py2a differs
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from laminated py1 in that the framboidal texture of the former is either overprinted (Fig. 3.2B)
or obliterated due to post-depositional recrystallization. Pyrite nodules (py2b) comprise round to
sub-round masses of intergrown and aggregated subhedral pyrite crystals that commonly show
radial growth patterns and herringbone textures (Fig. 3.2C). Nodules range in diameter from 0.5
to >1.5 cm and occur throughout the stratigraphic succession. Py2b nodules commonly display
complex growth textures that range from silicate inclusion-rich to inclusion-free. Etching of
polished surfaces with concentrated HNO3 enhanced textures and reveals growth relationships
between pyrite generations, where py2b overprinted and recrystallized polyframboidal py1.
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Figure 3.3 Typical sulfide textures observed within the ACTM. A) Reflected light
photomicrograph of bedded diagenetic pyrite overgrowths on framboidal pyrite from the ACTM
of the Don deposit (drill core sample Don-200-387.0) Note that the sample is Au-coated. ESEM
BSE images of B) Sphalerite, framboidal py1 and py2 in a tectonically modified dewatering pipe
crosscutting carbonaceous mudstone with later, coarse-grained pyrite crystals (drill core sample
Don-076-180.8; and C) Laminated framboidal and polyframboidal pyrite with abundant
interstitial galena and sphalerite (grab sample XY-Adit-549.5). Locations of SIMS point analyses
are shown with corresponding δ34S values; single framboid analyses outlined in white circles.
Abbreviations: sph: sphalerite; gn: galena.
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Pyrite (py3) occurs as both euhedral crystals (0.1 to 5 mm in diameter) and narrow
overgrowths (<0.2 mm wide) on pre-existing pyrites. Py3 is the latest stage of pyrite growth in
the HPD and overgrows all preceding generations of pyrite. Euhedral py3 crystals are commonly
enclosed by quartz + calcite (± chlorite) strain shadows that are oriented in the plane of the
NW/SE regional cleavage; metamorphic overgrowths form veneers on diagenetic pyrites (Fig.
3.2D).
Sphalerite forms minute (10 to 50 µm) disseminated crystals to crystals concentrated
along discrete laminae (0.1 mm thick) and as mixed sphalerite-galena-framboidal pyrite laminae.
Non-laminated sphalerite occurs as discordant cleavage-controlled pressure solution seams (e.g.,
Fig. 3.3B) and, less commonly, as one to two millimeter-diameter crystalline blebs. Galena forms
laminae, together with sphalerite and/or framboidal pyrite (Fig. 3.3C); however, high-grade
galena predominates as cleavage-controlled pressure solution seams. The timing of this pervasive
pressure solution cleavage, within which sphalerite and galena are concentrated, remains
contentious. Jonasson and Goodfellow (1986) propose that much of the cleavage was produced
by localized compression during basinal dewatering shortly after the deposition of the ACTM
(i.e., Middle Silurian). Other workers conclude that this cleavage, together with prominent thrust
faulting, folding and axial-planar cleavage, formed in response to Jura-Cretaceous orogenesis and
sub-greenschist metamorphism (Hodder et al., 2014; Martel, 2015; Martel et al., 2014).
Regardless of the absolute timing of this cleavage-forming event, deformation has significantly
remobilized base metal sulfides such that primary textures are largely obscured.

3.4 Methods

3.4.1 Secondary ion mass spectrometry
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Small (5-15 mm) pieces of thin section offcuts and grab sample slabs were embedded in
2.5 cm diameter epoxy pucks and prepared as polished mounts. After lapidary preparation, all
samples were sputter-coated with a 300 Å layer of Au, to mitigate charging under primary ion
bombardment. All analyses were performed on a Cameca IMS 4f Secondary Ion Mass
Spectrometer at the MAF-IIC Microanalysis Facility Memorial University, St John’s,
Newfoundland. δ34S determinations were performed by bombarding the sample with a primary
ion microbeam of 350–450 pA of Cs+, accelerated through a 10 keV potential, and focused into a
5–15 µm diameter spot. To exclude exotic material in the polished surface from analysis, each
spot was first pre-sputtered for 120-150 s with a 25 µm square raster applied to the beam.
Depending on the minimum diameter of the critically focused primary beam during each session,
a smaller square raster (5µm to 15µm) was applied to the beam during analysis, to improve the
homogeneity of primary ion delivery (Brueckner et al., 2015).
Instrumental mass fractionation (IMF) occurs during the production and detection of
sputtered secondary ions and produces a bias between the actual 34S/32S of the sample and that
measured by the mass spectrometer. The magnitude of IMF varies substantially between sulfide
minerals. For this reason, the 34S/32S measured in samples of pyrite from the HPD were corrected
for IMF by comparison to replicate measurements of in-house reference materials UL9B (pyrite;
δ34S: 15.8‰) and KH87 (pyrite; δ34S: 0.2‰) at the beginning of, and throughout, each day. An
identical procedure was followed for galena analyses, where the reference material HT10 (galena;
δ34S: 13.6‰) was used. Analyses performed within a 15 minute time interval routinely yield
internal precisions on individual δ34S determinations of better than ±0.2 ‰ (1σ) (Brueckner et al.,
2015). Overall reproducibility, based on replicate standard analyses, is typically better than ±0.5
‰ (1σ). All δ34S values are reported with respect to Vienna Cañon Diablo troilite (V-CDT). The
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sulfur isotope composition of in situ sphalerite could not be analyzed at the MAF-IIC SIMS
laboratory because variations in the Fe content of sphalerite preclude reliable sulfur isotope ratio
measurements (G.D. Layne pers. comm. 2014).

3.4.2 Bulk mineral separates
Samples (n = 41) from a single diamond drill core (XYC-029) from the XY Central
deposit were collected in 1980. Rock samples were crushed, pulverized, sieved and panned, and
from these, mineral separates of galena, sphalerite and pyrite were handpicked with the aid of a
binocular microscope. Care was taken to ensure that mineral separates were pure; however, the
fine-grained and intergrown nature of bedded sulfides in the HPD precluded the production of
pure sphalerite and galena separates by mechanical separation in all cases, and some samples
contain minor pyrite. In such pyrite-bearing samples, a chemical separation technique (Hall et al.,
1988) was used whereby sphalerite or galena was liberated from pyrite by boiling in 6M HCl. For
mineral separates comprised solely of sphalerite-pyrite or galena-pyrite mixtures, selective
digestion yielded reliable chemical separates. Samples containing both sphalerite and galena were
not analyzed to avoid cross-contamination. Dissolved sulfides were precipitated as AgS. The
prepared mineral separates were analyzed for their sulfur isotope compositions at University of
Ottawa at various times between 1985 and 1995.

3.5 Results

3.5.1 Sulfur isotope analysis by SIMS
Analytical spots (n=174) were selected using a combination of reflected light photomicrographs
and backscatter electron (BSE) imaging on a scanning electron microscope. SIMS sulfur isotope
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ratios are standardized against Vienna-Cañon Diablo Troilite and are reported in standard per mil
notation (δ34S‰V-CDT). Herein, we report the sulfur isotope compositions for pyrite from the
CCMS, ACTM, USMS and FLMD and for galena from the ACTM (Fig. 3.4; Appendix D).
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Figure 3.4 Histograms of SIMS pyrite and galena δ34S values in the stratigraphic units
comprising the Road River Group. A) Flaggy mudstone member (FLMD); B) Upper siliceous
mudstone member (USMS); C) Active member (ACTM); D) Calcareous carbonaceous mudstone
member (CCMS).
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Framboidal pyrite is intergrown with sphalerite, galena and/or texturally different pyrite,
resulting in a challenging analytical situation. Nevertheless, framboidal pyrite within the ACTM
records the most negative δ34S values (δ34S=-26.1 to -7.5‰). These measurements include single
framboids (e.g., Fig. 3.3A, B) and polyframboidal aggregates (e.g., Fig. 3.3C) from the XY
Central, Don, Don East and Anniv East deposits. Pyrite framboids from the USMS of the XY
Central area are also universally isotopically negative (δ34S=-21.0 to -15.7‰).
Py2a and py2b are isotopically indistinguishable within a stratigraphic unit and are,
therefore, grouped into the same bins in the histograms (Fig. 3.4A-D). Py2a and py2b are all
exclusively isotopically positive; pyrites within the CCMS (δ34S = +13.4 to +47.8‰; Fig. 3.4D),
ACTM (δ34S = +21.9 to +47.7‰; Fig. 3.4C) and USMS (δ34S = +14.7 to +49.7‰; Fig. 3.4B)
have broadly similar ranges of δ34S values. Within the FLMD, the δ34S values encompass a
slightly narrower range that is lighter than pyrites from the Duo Lake Formation (δ34S = +10.3 to
+35.7‰; Fig. 3.4A). Samples containing py2 overgrowths on framboidal py1, or coexisting py2
and framboidal py1 have more complex sulfur isotope signatures. The highly positive δ34S values
of py2 contrast markedly with highly negative values for framboidal py1 that result in Δ34Spy2-py1
= 40‰ over distances of <50 µm (e.g., Fig. 3.3A).
The sulfur isotope compositions of py3 are also isotopically positive, but are generally
less positive (lighter) than py2. The δ34S values for py3 range from moderately to highly positive
(+7.5 to +30.4‰). Veneers of py3 on py2 are isotopically lighter than the pyrite on which they
form (Fig. 3.3B), but the difference of the range of δ34S values (1 to 20‰) is not as pronounced as
that between py1 and py2.
Sulfur isotope compositions of galena were determined for two samples (n=13), where
galena shares grain boundaries with py1 and py3. The sulfur isotope compositions of galena are
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highly positive (δ34S=+17.0 to +27.3‰) and are, on average, 39.0‰ higher than coexisting
framboids (e.g., Fig. 3.3C). In one sample, (Don-200-383.7; Appendix D) from the ACTM,
galena and py3 are adjacent and have almost identical average sulfur isotope compositions
(δ34S=21.2 and 21.5‰, respectively).
3.5.2 Bulk sulfide separates
The sulfur isotope compositions of sphalerite (n=35) and galena (n=21) mineral separates
in the ACTM and the immediate host rocks were determined in samples collected from diamonddrill core XYC-029 (Appendix E). The δ34S values of galena are isotopically heavy and range
from +8.5 to 19.5‰ in the ACTM (Fig. 3.5A). The δ34S values of sphalerite are isotopically
heavy also and range from +12.6 to 23.3‰ in the ACTM (Fig. 3.5A). Coexisting sphalerite and
galena were analyzed in 13 of these samples, and sulfur in sphalerite is universally heavier than in
galena in each of these analyses. The δ34S values of both minerals display some stratigraphic
variability; however, there is an overall decrease from the base to the top of the ACTM (Fig.
3.5A).
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Figure 3.5 Stratigraphic distributions of δ34S values as determined by bulk mineral separation for
A) Sphalerite and galena; B) Fractionation temperatures calculated from sphalerite and galena
pairs (see text for details).
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3.6 Discussion
The sulfur isotope data for pyrite determined using SIMS starkly contrast previously
published data for conventional bulk analyses of handpicked pyrite separates (Goodfellow, 1987;
Goodfellow and Jonasson, 1984). These differences between SIMS and conventional data result
from one of more of: 1) the presence of finely intergrown, texturally complex pyrite of multiple
generations (i.e., synsedimentary py1, early to late diagenetic py2 and metamorphic py3) in bulk
pyrite separates; 2) the presence of sulfide mineral inclusions that could not be removed using
conventional mineral separation techniques; and 3) sample suitability (i.e., primary py1 vs.
secondary pyrite py2). These complications are exemplified in Figure 3.6A, which shows a
minute cluster of framboidal pyrite that is overgrown and partly replaced by later diagenetic
pyrite. In this example, multiple pyrite generations were only revealed by close inspection using
ESEM backscatter imaging. The sulfur isotope composition of this grain is +21.0‰ (Fig. 3.6B).
A small polyframboidal cluster is -16.4‰ and nearby diagenetic pyrite is ~+29‰ (Fig. 3.6C).
Each part of this sample (i.e., XY-Adit-386.2) contains different amounts of round to
sub-round pyrite grains of similar size, but not all of the round pyrite grains are framboidal in
nature; rather, pyrite is both primary and secondary. Therefore, we follow the convention of
Ohfuji and Rickard (2005) in defining framboidal pyrite as, “microscopic spheroidal to subspheroidal clusters of equidimensional and equimorphic crystals”. Although this might only seem
to be an issue of semantics, differentiating between framboidal and spheroidal pyrite has
important petrogenetic implications in the HPD (e.g., Chapter 2). Below, the sulfur isotope
compositions of pyrite are discussed in terms of source(s) of sulfur, depositional environment,
sulfur isotope equilibrium and SEDEX deposit genesis.
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Figure 3.6 An example of framboidal and diagenetic pyrite from mineralized ACTM (grab
sample XY-Adit-386.2). A) BSE image of diagenetic pyrite replacing and overgrowing
framboids, which are outlined in white; B) Reflected light photomicrograph of pyrite showing the
location of SIMS analysis and the corresponding δ34S value (Au-coated); C) Reflected light
photomicrograph of framboidal and diagenetic pyrite showing the locations of SIMS analyses and
the corresponding δ34S values (Au-coated).
3.6.1 Source(s) and pathway(s) of reduced sulfur
The predominant source of sulfur in SEDEX Pb-Zn-(Cu-Ag-Ba) deposits is widely
accepted to be seawater sulfate (Leach et al., 2005; Leach et al., 2010). Magmatic sulfur is not
considered to be a major component because of the lack of volumetrically important igneous
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rocks coeval with, and in the footwall to most SEDEX deposits (Goodfellow et al., 1993).
However, the process(es) by which sulfate is reduced to sulfide and delivered to the depositional
site are still debated and remain contentious. In the case of the HPD (and other SEDEX Zn-Pb
districts in the Selwyn Basin), there are two prevailing hypotheses for the origin of reduced
sulfur. Goodfellow and Jonasson (1984), Goodfellow (1987), Shanks et al. (1987) and Turner
(1992) concluded that reduced sulfur was almost entirely derived by bacterial sulfate reduction
(BSR) of seawater at the depositional site. Alternatively, Eldridge et al. (1989), Ohmoto and
Goldhaber (1997), Cooke et al. (2000), Taylor and Beaudoin (2000) and Taylor (2004) suggest
that reduced sulfur was hydrothermal in origin and transported together with base metals in the
same hydrothermal fluid, with subordinate quantities of bacterially reduced seawater sulfate in
the ambient water column.
Models in which reduced sulfur was transported with metals in hydrothermal fluids are
problematic because of the inferred low to moderate temperatures of SEDEX mineralizing fluids
estimated for the HPD. Cooke et al. (2000) suggested that most of the sulfur in the HPD was
transported into the basin together with metals in hot (>200 °C), acidic hydrothermal fluid.
Sulfidic hydrothermal fluids require high temperature (>200 °C) and low pH in order to
efficiently transport metals (Lydon, 1988). However, this model is not applicable to the HPD,
given the calculated formation temperatures (assuming equilibrium isotopic fractionation between
sphalerite and galena). In a study of the Rammelsberg Cu-Zn-Pb SEDEX deposit in Germany,
(Eldridge et al., 1988; Eldridge et al., 1989) concluded that hydrothermal fluids leached reduced
sulfur from sedimentary pyrite within the host sedimentary rocks in the footwall. They extended
this explanation to also apply to SEDEX deposits in the Selwyn basin, and they argued against
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the prevailing model of Goodfellow (1987) in which H2S built up in the water column due to
BSR of seawater sulfate under closed-system behavior.
Models invoking sulfur sourced predominantly via BSR of seawater in the water column
(as opposed to the shallow subsurface as discussed above) are also problematic. Goodfellow
(1987) suggested that the δ34S value of aqueous hydrogen sulfide, as recorded by sedimentary
pyrite at the onset of SEDEX deposition in the HPD, is approximately 20‰. Sulfur isotope
modeling of (semi)-closed system Rayleigh fractionation shows that the progressive reduction of
sulfate by bacteria produces increasingly positive δ34S values under conditions in which pristine
(i.e., unfractionated) sulfate is diffusing slower than the rate of sulfate reduction (Ohmoto and
Goldhaber, 1997). To obtain a hydrogen sulfide δ34S value of 20‰ in the water column,
approximately 50% of the total sulfate in the ambient HPD water column must have been
reduced, fixed and removed prior to the formation of SEDEX deposits in the HPD according to
model calculations (Ohmoto and Goldhaber, 1997; Seal, 2006; Seal and Wandless, 2003). The
ACTM contains double the sulfur content of the underlying CCMS (Peter et al., in prep), but both
units have approximately the same amount of pyrite. Collectively, these data indicate that there
was a secondary source of sulfur to fix the metals as sulfides in the HPD. If the water column
sulfate was quantitatively (i.e., wholesale) reduced and the water column behaved as a closed
system, then there must have existed an external source of sulfur to account for the discrepant
abundance of sulfur in the ACTM compared with that of the underlying CCMS.
Cooke et al. (2000) and Ireland et al. (2004) suggested that dissolved sulfate was a major
component of metalliferous brines that formed the Paleoproterozoic HYC Zn-Pb-Ag SEDEX
deposit, Australia. There, exhalation of dense brine occurred in an anoxic water column, and
ponded onto the seafloor. Metal sulfide precipitation was triggered by biogenically reduced sulfur
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that diffused into the brine from sediments below, and from the water column above; this H2S
catalyzed thermochemical sulfate reduction (TSR) in the basal portion of ponded hydrothermal
brine (Ireland et al. 2004). One of the possible reaction paths for TSR is similar to that of BSR,
whereby labile organic carbon is thermolytically oxidized by reducing aqueous sulfate to sulfide
(Machel, 2001).
2CH2O + SO42- -> 2HCO3- + H2S (1)
The byproducts of TSR are similar to those produced by BSR; however, TSR requires higher
temperatures (>100-140 °C) that are generally unsuitable for sustaining microbial life (Machel,
2001). Although the end products of TSR and BSR are similar, the sulfur isotope composition of
sulfide minerals can be used to distinguish between these processes (Machel, 2001). Extremely
negative sulfide δ34S values (i.e., <<0‰) are characteristic of BSR because of the large kinetic
fractionation between sulfate and sulfide (Δ34SSO4-H2S = 45 ± 20‰). The kinetic fractionation of
sulfur isotopes during TSR is temperature dependent, where higher temperatures result in smaller
fractionations between parent sulfate and daughter sulfide (Machel et al., 1995). Experimentally
determined Δ34SSO4-H2S values for TSR indicate kinetic fractionations of 15‰ and 10‰ at 150 °C
and 200 °C, respectively (Machel et al., 1995). A catalyst (e.g., H2S) is also required for TSR to
proceed at geologically reasonable rates; however, once TSR is established it is essentially autocatalyzed by the production of H2S if high temperatures are sustained (Goldhaber and Orr, 1995).
Accordingly, sulfur isotopic signatures of both BSR and TSR are recorded in sulfides at HYC
with values ranges of -5 to +10‰ and +5‰, respectively (Ireland et al., 2004). These value
ranges clearly overlap; however, Ireland et al. (2004) were able to differentiate the products of
BSR and TSR by measuring in situ the sulfur isotope compositions sulfur isotope compositions of
sphalerite and pyrite of paragenetically distinct textural varieties.
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It is likely that TSR of sulfate-bearing hydrothermal fluids played an important role in the
formation of SEDEX deposits in the HPD, similar to HYC. Hydrothermal fluids carrying both
sulfate and metals negate the requirements for the presence and transport of aqueous sulfide in the
hydrothermal fluids, and/or reduced sulfur exclusively derived from a euxinic water column. The
presence of sulfate in the hydrothermal fluid can also explain the abundance of sulfur in the
ACTM relative to the underlying CCMS. The extremely negative δ34S values for pyrite framboids
are readily explained by BSR of ambient seawater sulfate; however, the strongly positive δ34S
values of galena, sphalerite and later pyrite (py2-py3) cannot be explained solely by closedsystem BSR. The δ34S values of sphalerite and galena in ACTM sulfides and their calculated
fractionation temperatures collectively indicate that TSR of aqueous sulfate carried in the
hydrothermal fluid was an important process for the formation of SEDEX deposits in the HPD.
3.6.2 Secular variability
Goodfellow and Jonasson (1984) were the first to document the secular variability of the
sulfur isotope composition of pyrite in the Selwyn Basin (Fig. 3.7). According to their model for
this isotopic variation, basinal restriction led to redox stratification and stagnation in the ambient
marine water column. Prolonged (up to 50 M.y.) stagnant conditions were marked by bacterial
reduction of seawater sulfate that was not replenished due to closed or partly closed hydrologic
conditions. This, in turn, led to the build up of H2S and forced euxinia. The reduced sulfur was
fixed by hydrothermal aqueous ferrous iron as iron sulfide particles (i.e., pyrite, or metastable
precursor minerals) in the water column and these settled as chemical sediments, together with
normal pelagic sediments. In this model, the consequence of BSR under closed (or partly closed)
conditions was that the δ34S compositions of the pyrite became progressively heavier (i.e.,
Rayleigh fractionation) until the water column was ventilated; pyrite deposited subsequent to

90

basin ventilation is isotopically lighter and its formation was confined to sediment porewaters
(Goodfellow, 1987; Goodfellow and Jonasson, 1984).

Figure 3.7 Secular distribution of sedimentary pyrite (Goodfellow and Jonasson, 1984) and
seawater sulfate (Kampschulte and Strauss, 2004) δ34S values with SIMS δ34S values of
framboidal and diagenetic pyrite. Note the similarities between δ34S values of diagenetic pyrite of
this study and sedimentary pyrite of Goodfellow and Jonasson (1984). These are consistently
heavier compared with those of framboidal pyrite (modified from Goodfellow and Jonasson,
1984).

One such period of stagnation coincided with the deposition of the host rocks and
mineralization of the HPD (Goodfellow and Jonasson, 1984). This stagnation period was
interpreted to be concurrent with the onset of deposition of the Duo Lake Formation in the Lower
to Middle Ordovician and continued into the Middle Silurian (Fig. 3.7). Goodfellow (1987)
suggested that this stagnant period was marked by near complete sulfate reduction because the
δ34S value of pyrite exceeds that of coeval ambient seawater sulfate (~28‰; Claypool et al.,
1980; Kampschulte and Strauss, 2004). Our in situ SIMS analytical data show two populations
(Fig. 3.7): 1) δ34S values of diagenetic py2 that mimic the trend of the pyrite curve and 2) δ34S
values of framboidal py1 that are extremely negative and are far removed from (and much lighter
than) the pyrite curve.
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Goodfellow (1987) indicated that the HPD pyrite trend was defined by “sedimentary”
pyrite, but only loosely defined the term. The present study demonstrates that pyrite in the HPD is
texturally complex, comprising discrete grains or agglomerations thereof, and commonly contains
multiple generations that are synsedimentary to earliest diagenetic (py1), diagenetic (py2a and
py2b) and metamorphic (py3). The similarity of δ34S values reported by Goodfellow (1987) and
our diagenetic py2 suggest that the secular trend of Goodfellow (1987) was constructed from
analyses of diagenetic pyrite. Thus, it is likely that the apparent secular pyrite trend previously
proposed does not accurately constrain the sulfur isotope composition of the ambient water
column within the HPD sub-basin.
Framboidal pyrite is the earliest pyrite generation that formed in the HPD and likely
records the sulfur isotope composition of reduced pore fluids near the sediment-water interface or
the reduced water column. Typical kinetic fractionation between parent sulfate and daughter
sulfide (Δ34SSO4-H2S) associated with BSR is ~45‰ (Strauss, 1999; Sweeney and Kaplan, 1980).
Therefore, the mean δ34S value of framboidal pyrite (-16‰) in the ACTM and the USMS is
consistent with BSR of a homogeneous sulfate source (28‰; Fig. 3.7). The extremely negative
δ34S values of framboidal pyrite suggest that either stagnant conditions did not prevail or basin
ventilation occurred during the deposition of framboidal py1. Magnall et al. (2015) present SIMS
analyses of pyrite from the Middle to Late Devonian MacMillan Pass district of SEDEX Zn-PbAg deposits, Yukon. There, analogously to the HPD, framboidal pyrite possesses extremely
negative sulfur isotope compositions and paragenetically later pyrite possesses positive δ34S
values. This is significant because both the HPD and MacMillan Pass are type localities that
Goodfellow (1987) used to define the pyrite secular trend and both localities were interpreted to
represent peak or pre-peak stagnant conditions (i.e., extensively Rayleigh fractionated sulfur
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isotope compositions). If prolonged periods of stagnation existed in the Selwyn basin prior to the
onset of SEDEX mineralization, then this should be recorded in the paragenetically earliest
sulfide (i.e., framboidal pyrite). This is not the case, however, because both localities in their
respective mineralized time-stratigraphic horizons contain extremely isotopically negative
framboids (this study; Magnall et al., 2015). This implies that, prior to SEDEX mineralization,
either the wholesale reduction of seawater sulfate did not occur or, perhaps, the ambient Selwyn
basin water column was ventilated (cf. Wang et al., 1993). Both scenarios negate the role of
euxinia in fixing base-metal sulfides.
3.6.3 Sulfur isotopic disequilibrium

Experimental data and thermodynamic modeling of a hydrothermal sulfide mineral
precipitation sequence under equilibrium conditions show that δ34Sgalena < δ34Ssphalerite < δ34Spyrite,
assuming that minerals have predominantly stoichiometric chemical compositions (Kajiwara and
Krouse, 1971). Fractionation occurs because the isotopically light sulfur is sequestered into
galena. The resultant reduced sulfur is heavier than that prior to galena precipitation and the
heavier isotopic composition is imparted to sphalerite, and finally into pyrite (Ohmoto and Rye,
1979). The magnitude of fractionation (i.e., Δ34Spyrite-galena) between coexisting sulfides is inversely
temperature dependent, with fractionation increasing at progressively decreasing temperatures
(Equation 3.2; Kajiwara and Krouse, 1971).
!!" ! =
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In Equation 3.2, Δ34S is the difference between the δ34S values of mineral pairs, A is the
equilibrium isotopic fractionation factor and T is temperature in K. Reliable estimates of
formation temperature can be calculated where sulfide minerals are: 1) in textural equilibrium, 2)
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in isotopic equilibrium (i.e., follow an equilibrium precipitation sequence) and 3) not modified by
post-depositional metamorphism that resulted in homogenization of primary isotopic
compositions (Crowe, 1994; Watson et al., 2009). Because A is constant between mineral pairs,
solving Equation 3.2 for T yields Equation 3.3 for pyrite-galena:
!=
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In the ACTM of the HPD, galena and sphalerite mantle pyrite framboids. Galena and
framboidal pyrite share grain boundaries and lack evidence for replacement, suggesting that
textural equilibrium was attained between these minerals. However, SIMS analyses of coexisting
galena and nearby (within 500 µm) framboidal pyrite grains reveal that δ34Sgalena > δ34Spyrite (Fig.
3.4C), indicating that isotopic equilibrium was not established between these minerals. As such,
these isotopic data cannot be used to estimate formation temperatures. Isotopic disequilibrium
implies that galena and pyrite precipitated at different times or from different sulfur sources
(Ohmoto and Goldhaber, 1997). Sphalerite was not analyzed with SIMS in the present study;
however, sulfur isotopic compositions of bulk separates of coexisting sphalerite and galena reveal
that δ34Sgalena < δ34Ssphalerite for the ACTM (Fig. 3.5A). Microscopic textures suggest that sphalerite
and galena are cogenetic and in isotopic equilibrium, indicating that they have a common source
of sulfur. Equilibrium fractionation temperatures can be calculated for this mineral pair using
Equation 3.4 (Kajiwara and Krouse, 1971):
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Equation 3.4 yields a large range of temperatures (12 to 364 °C; Fig. 3.5B) and a mean
temperature of 162 °C. The mean temperature is consistent with temperatures estimated for other
sediment-hosted Zn-Pb deposits (e.g., Cooke et al., 2000) and is geologically reasonable, based
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on metal solubility considerations (e.g., Lydon, 1983); however, there is considerable spread
among the calculated temperatures. Jurassic to Cretaceous orogenesis resulted in significant
textural modification of base-metal sulfides in the HPD (Hodder et al., 2014; Martel, 2015;
Martel et al., 2014), and this may have resulted in partial isotopic homogenization between
sphalerite and galena (cf., Crowe, 1994). The similarity of down-hole topological profiles of the
sulfur isotopic compositions of sphalerite and galena (Fig. 3.5A) suggests that original, premetamorphic sulfur isotope compositions are at least partly retained. In a closed (or partly closed)
system, δ34S values would increase stratigraphically upward (due to Rayleigh fractionation);
however, the bulk sphalerite and galena data do not correspond to this expected behavior. Rather,
the sulfur isotope compositions of both sphalerite and galena progressively decrease from the
stratigraphic base to the top of the ACTM (Fig. 3.5A). These data, therefore, do not support a
model in which sulfide deposition took place near the end of a stagnant cycle from a highly
fractionated source of reduced sulfur (viz., Goodfellow, 1987).
3.6.4 SEDEX deposit genesis
Goodfellow (2004) proposed that the mineralizing fluids responsible for the HPD
SEDEX deposits were dense, bottom-hugging brines that exhaled from submarine vent(s) distal
to the deposits in pulses triggered by the reactivation of early growth faults. The brine migrated
to, and eventually settled into, a bathymetric depression (i.e., the Howard’s Pass sub-basin).
Further, Goodfellow (2004) indicated that sphalerite, galena and framboidal pyrite were
precipitated together within a euxinic water column and that these minerals were deposited as
chemical sediments on the seafloor. Chapter 2 argued against a syngenetic, purely exhalative
model and, instead, proposed that SEDEX deposit genesis within the HPD occurred
predominantly during diagenesis. This argument was based on the paragenesis of pyrite and the
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distribution of trace elements among pyrite generations. The sulfur isotope compositions
presented in the current study corroborate the findings of Chapter 2 and allow refinement of the
genetic model proposed therein.
The dense (sulfate-bearing) brine would have accumulated in a depression floored by
water-saturated hemipelagic sediments. Ambient seawater originally present in pore spaces may
eventually have been displaced by denser brine. One hundred meters below the seafloor the
porosity of silt- to clay-sized muds is approximately 50%, and it increases exponentially to the
sediment-water interface (Einsele, 2000). As newly deposited sediments are generally porous and
permeable, it is reasonable to assume this to be the case for the sediments of the ACTM prior to
the introduction of metalliferous fluids. It is likely that the dense brine settled onto the seafloor,
with some of it sinking into porous and permeable carbonaceous muds (Fig. 3.8A). It is also
likely that the brine did not precipitate all transported metals in the water column because sulfate
dissolved within the brine must first be reduced to sulfide (cf. Goodfellow 1987). Sulfidic
porewaters originally present in the sediment pore spaces (generated by BSR of seawater sulfate)
were eventually displaced by dense brine that descended into the sulfidic muds (Fig. 3.8A). In
terms of H2S generation, BSR was the most important process prior to the introduction of
metalliferous fluids because these sulfidic waters provided a necessary catalyst (i.e., H2S) for
TSR.
Following the introduction of metalliferous brines, TSR superseded BSR because these
fluids were too warm (>100 °C) to support significant bacterial activity. In the early stage of
hydrothermal activity, TSR was likely restricted to the lowermost water column, near the
sediment-water interface (Fig. 3.8A). Continued venting of dense brine and its
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ponding/accumulation resulted in its downward percolation into porous unconsolidated muds,
where TSR reduced hydrothermal sulfate by the oxidation of labile organic carbon (Fig. 3.8B).
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Figure 3.8 A schematic model for the formation of SEDEX deposits in the HPD. The model
accounts for the SIMS sulfur isotope data and illustrates the controls on sulfate-sulfide
distribution and sulfate reduction processes. A) Synsedimentary sulfide deposition is
accompanied by dense brine sinking into permeable muds, where metals and sulfate are
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transported together. Dense brine sinking displaces less dense sulfidic porewaters and promotes
early TSR; B) Sinking brines percolating into muds precipitate diagenetic sulfide that form
overgrowths on pre-existing sulfides and calcite that is intercalated with carbonaceous sediments.
Loss of permeability is likely followed by vertical compaction and dewatering, which promotes
mixing at the sediment-water interface (no scale implied; adapted and modified from Ireland et al.
2004; Chapter 2).
Calcite, the most abundant carbonate mineral within the HPD, is a major component of
the ACTM. Within this unit, calcite is characterized by negative δ13C values (-1 to -6‰), whereas
organic carbon has values of ca. -28‰ (Goodfellow and Jonasson, 1986). Negative values for
δ13Ccalcite are indicative of carbonate produced during the oxidation of organic carbon. The
isotopically light calcite within the ACTM falls within a range that is consistent with thermolytic
carbon oxidation (Machel, 2001), but is more positive than is expected if entirely derived by the
oxidation of labile organic carbon. Coleman and Raiswell (1981) show that organic matter
fermentation (i.e., methanogenesis) involves extreme δ13C fractionation that generates highly
positive CO2 (+15‰) and negative CH4. Thus, the moderately negative δ13Ccalcite values in the
ACTM may be explained by contributions from isotopically heavy (i.e., fermented CO2) and light
(i.e., oxidized/combusted organic carbon) δ13C reservoirs.
Methanogenesis is a very common process in carbonaceous marine sediments and occurs
globally where organic matter accumulates on the seafloor. Methanogenesis has also been
implicated in some ancient SEDEX deposits; specifically, Taylor et al. (2000) suggest that this
process may explain the δ13C compositions of carbonates in the wallrocks and mineralization in
the Mesoproterozoic Sullivan Cu-Pb-Zn SEDEX deposit, Canada. Methanogenesis concomitant
with sulfate reduction may provide an alternative explanation for the calcite carbon isotopic
compositions. Borowski et al. (2013) suggest that 34S-enriched (>> 0‰) authigenic sulfides are a
proxy for elevated methane fluxes, which may also explain the preponderance of highly positive
δ34S values for non-framboidal pyrite throughout the stratigraphic succession at the HPD. At
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present, there are not enough data available to validate or discredit the role of methanogenesis in
the HPD.
Determination of the site of organic carbon oxidation (i.e., within the carbonaceous
sediments, within the brine pool or within the water column) is difficult; however, mixing among
CO2 reservoirs must have occurred to obtain the moderately negative δ13C values preserved in the
ACTM. We suggest TSR generated CO2 in situ contemporaneously with metal sulfide deposition
within carbonaceous muds such that sulfide precipitation resulted in partial cementation of the
sediments and was accompanied by CO2 build-up. The loss of permeability coupled with
increased pCO2 generated over-pressurized pore fluids and eventually resulted in upward
migration of metal-laden porewaters. These features are preserved in the HPD as discordant
sphalerite- and galena-rich stringers that cross-cut laminated sediments during diagenesis (Fig.
3.8B) (i.e., the so-called "dewatering pipes" of Jonasson and Goodfellow, 1986).
Our model for SEDEX mineralization in the HPD is similar in some respects to genetic
models proposed for the HYC SEDEX Zn-Pb-Ag deposit (Ireland et al. 2004), the
Mesoproterozoic Sullivan SEDEX Cu-Zn-Pb deposit (Taylor, 2004; Taylor and Beaudoin, 2000)
and the Paleoproterozoic Zinkgruvan stratiform Zn-Pb-Ag deposit (Jansson et al., 2015). It is
noteworthy that the HPD does not conform to many of the features ascribed to the Selwyn-type
deposits of Cooke et al. (2000). Salient differences between the HPD and other Selwyn-type
deposits include: 1) absence of a feeder system; 2) lack of proximity to hydrothermal fluid upflow
zone in the HPD; 3) absence of barite; 4) abundance of carbonates; 5) absence of premineralization turbidites. These defining features in the HPD are, however, characteristic of the
McArthur-type deposits, as pointed out by Cooke et al. (2000). Other similarities between the
HPD and McArthur-type SEDEX deposits include high tonnage (400.7 Mt in the HPD), sulfate
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reduction mechanisms and inferred low to moderate hydrothermal fluid temperatures (ca. 150
°C). Unlike McArthur-type deposits, however, the HPD lacks underlying evaporitic rocks and a
well-defined Fe-Mn-carbonate halo, but their absence does not invalidate the proposed
depositional style for the HPD.

3.7 Conclusions
Although micro-analyses can bias interpretations about reduced sulfur sources and the
timing of mineralization in massive sulfide districts because these are done on limited sample sets
(see discussion in: Fallick et al., 2001), the results of the current study, and those presented in
Chapter 2, are from samples within each of the largest deposits within the HPD. These
demonstrate that a combination of in situ analytical techniques can constrain the processes
responsible for the formation of genetically enigmatic SEDEX Pb-Zn deposits. We conclude that
sulfide formation in the HPD resulted from the complex interplay between bacterial and
thermochemical sulfate reduction that took place in both the ambient water column (i.e., brine
pool near the sediment-water interface), but predominantly occurred within the shallow seafloor
subsurface.
SIMS analyses reproduced, within error, the secular variability of pyrite δ34S documented
by Goodfellow and Jonasson (1984) for pyrites of the Duo Lake Formation (i.e., CCMS, ACTM,
USMS). Our results differ, however, because these pyrites are diagenetic and formed subsequent
to framboidal pyrite. The so-called secular trend has been applied globally in several ore deposits
studies (Goodfellow and Peter, 1996; Shanks and Seyfried, 1987; Shanks et al., 2014; Turner,
1992); however, this trend inadequately constrains the sulfur isotope evolution of pyrite from one
of its type localities (i.e., the HPD). Moreover, the upwardly decreasing sulfur isotope
compositions of both sphalerite and galena do not support a model in which the sulfur in these
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minerals was sourced from ambient H2S. Conversely, the sulfur isotope compositions of
framboidal pyrite indicate that sulfur in this mineral was sourced by BSR of pristine marine
sulfate and we interpret these compositions to closely reflect the compositions of the ambient
sulfidic porewaters prior to the introduction of metalliferous brines.
There remain several knowledge gaps regarding the formation of Pb-Zn deposits in the
HPD due to a lack of empirical data about the composition, temperature, source(s) and transport
of the hydrothermal fluids. Overall, however, the results presented here are consistent with
several other studies that have applied in situ analytical methods to determining the sulfur isotope
compositions of sulfide minerals in SEDEX districts (e.g., Eldridge et al., 1988; Eldridge et al.,
1993; Ireland et al., 2004; Large et al., 1998; Magnall et al., 2015; Taylor, 2004; Taylor and
Beaudoin, 2000). These studies have consistently shown that both BSR and TSR are responsible
for the generation (and incorporation) of reduced sulfur and that hydrothermal sulfur (i.e., sulfate
or hydrogen sulfide) is also important.
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Chapter 4
Non-hydrothermal origin for apatite in SEDEX mineralization and host
rocks of the Howard’s Pass district, Yukon, Canada3

4.1 Abstract
The Howard’s Pass district comprises 14 Pb-Zn sedimentary exhalative (SEDEX)
deposits and is located within the Selwyn basin, Yukon, Canada. Although the HPD is renowned
for its large accumulation of base-metal sulfides, in places the Late Ordovician to Early Silurian
host rocks also contain abundant carbonate-bearing fluorapatite (CBFA). This mineral is present
stratigraphically below, within, and above the SEDEX deposits and occurs as fine-grained layers
that are interbedded with cherty carbonaceous mudstone. Electron probe microanalysis and laser
ablation-inductively coupled plasma-mass spectrometric analysis reveal that major, minor, and
trace element and rare earth element-yttrium (REE-Y) compositions, respectively, are remarkably
similar throughout the stratigraphic succession. North American Shale Composite (NASC)normalized La/Sm and La/Yb ratios indicate that the original REE compositions in CBFA have
undergone little post-depositional modification. The REE-Y patterns are topologically similar to
modern and ancient sedimentary phosphorites. Uniformly negative Ce anomalies indicate that the
mineral formed in analogous manner to modern and ancient sedimentary phosphorites under
suboxic bottom-water conditions. Europium anomalies are mostly absent, indicating that reduced,
3

Gadd, M.G., Layton-Matthews, D., Peter, J. Non-hydrothermal origin for apatite in Pb-Zn SEDEX

deposits and host rocks of the Howard’s Pass District, Yukon, Canada. Submitted to American
Mineralogist.
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slightly acidic high-temperature hydrothermal fluids were not a major source of REE-Y to CBFA.
The chemical homogeneity of the mineral irrespective of its stratigraphic position indicates that a
common process was responsible for its deposition within the sedimentary rocks of the HPD. On
the basis of the similarity of the REE patterns to modern and ancient phosphorites, and the
absence of positive Eu anomalies, we conclude that the CBFA is of hydrogenous origin, and not
hydrothermal as suggested by previous workers.

4.2 Introduction
Howard’s Pass is located within Selwyn basin, Yukon Territory, Canada (Fig. 4.1A) and
comprises a 38 km-long district of 14 Pb-Zn sedimentary exhalative (SEDEX) deposits (Fig.
4.1B) that are hosted within Late Ordovician to Early Silurian carbonaceous, calcareous to
siliceous mudstones. The most notable feature of the Howard’s Pass district (HPD) is its large
accumulation of base-metal sulfides (400.7 Mt at 4.5% Zn and 1.5% Pb; Kirkham et al., 2012)
deposited on the same Early Silurian time-stratigraphic horizon. Another notable feature is the
apatite-rich nature of the immediate host rocks and rocks stratigraphically below and above these
deposits. Apatite is particularly abundant in the rocks immediately below (<20 m, up to 30 vol.%)
and above (20 to 50 m, up to 50 vol.%) the SEDEX deposits, whereas the apatite content is low
(≤10 vol.%) within the deposits (Goodfellow, 1984; Slack et al., 2011).
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Figure 4.1 A) General geologic map of the Selwyn basin showing the major SEDEX districts; B)
Geologic map of the Howard’s Pass district showing locations of SEDEX deposits and zones. 1:
XY zone (XY, XY Central and XY West deposits); 2: Brodel deposit; 3: HC zone (HC and HC
West deposits); 4: Don zone (Don and Don East deposits); 5: Anniv Zone (Anniv and Anniv East
deposits); 6: OP deposit; 7: Pelly North deposit (modified from Goodfellow, 2004).
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Carbonate-bearing fluorapatite (herein referred to as apatite) is a moderately common
mineral in fine-grained carbonaceous sedimentary rocks. This mineral has been interpreted to
form at or near the sediment-water interface (e.g., Miocene Monterey Bay Formation; Föllmi et
al., 2005), or within the upper part of the sediment pile during early diagenesis (e.g., Peru
continental margin; Froelich et al., 1988). Phosphorite deposition (phosphogenesis) in modern
sedimentary environments is commonly microbially mediated, where it operates with active
communities of sulfate-reducing and sulfide-oxidizing bacteria (e.g., Peruvian margin; Arning et
al., 2009). Apatite is also common in some sediment-hosted metallic mineral deposits (e.g., ZnPb Gamsberg deposit, South Africa; Stalder and Rozendaal, 2004). The origin of apatite within
the HPD remains controversial. Some workers have proposed a link between phosphogenesis and
SEDEX deposit formation, whereby phosphorus was delivered together with Zn and Pb in the
same hydrothermal fluid from which Pb-Zn mineralization was precipitated (Goodfellow, 1984;
Goodfellow, 1999). However, more recently others have hypothesized that apatite formed from
constituent elements and authigenic processes unrelated to hydrothermal fluid discharge, such as
Fe redox pumping or upwelling of nutrient-rich waters (Johnson et al., 2014; Slack et al., 2011).
Rare earth element-yttrium (REE-Y) compositions are commonly used to elucidate the
genesis of apatite (e.g., Garnit et al., 2012; Joosu et al., 2015; Lécuyer et al., 2004; Picard et al.,
2002; Reynard et al., 1999). Cerium and Eu are particularly useful because their availability is
controlled by redox conditions and they can be fractionated from the other REE under oxidizing
or reducing environmental conditions. We have used electron probe microanalysis (EPMA) and
laser ablation-inductively coupled plasma-mass spectrometric analysis (LA-ICP-MS) to measure,
respectively, the major and REE-Y compositions of apatite from the HPD. The objective of the
present study was to determine the composition of apatite from Pb-Zn mineralized and
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unmineralized phosphatic mudstone in order to elucidate the origin and role of phosphogenesis
with respect to Pb-Zn SEDEX deposit formation. Although the apatite is not of economic interest,
this mineral may provide important information on the ambient marine paleoenvironment in
which the SEDEX Zn-Pb deposits formed. Additionally, because the SEDEX Pb-Zn deposits at
the HPD have muted geochemical and mineralogical haloes (Gadd et al., 2015a; Gadd et al.,
2015b; Peter et al., 2015), the recognition of apatite in sedimentary rocks in the HPD may serve
as a vector towards mineralization.

4.3 Background
4.3.1 Geology of the HPD
The HPD is located within the eastern part of the Selwyn basin in the northern Canadian
Cordillera. This basin was a passive continental margin setting in which Neoproterozoic to Lower
Devonian sequences of fine-grained siliciclastic rocks with calcareous intercalations were
deposited (Fig. 4.1A; Abbott et al., 1986; Gordey and Anderson, 1993). The HPD is flanked to
the east by coeval carbonate rocks of the Mackenzie platform, and basinal strata extend to the
west (Fig. 4.1A). Paleogeographically, the Selwyn basin and Mackenzie platform were deposited
on the west coast of the Laurentian continental margin near the equator (Cecile et al., 1997).
The HPD is hosted within the Duo Lake Formation. These sedimentary rocks are
carbonaceous and calcareous to siliceous mudstones. Locally, the Duo Lake Formation is
subdivided into informal members (Fig. 4.2A) that, from the base to the top, comprise the Pyritic,
Siliceous mudstone (PSMS), Lower Cherty mudstone (LCMS), Calcareous, Carbonaceous
mudstone (CCMS), Active member (ACTM) and Upper Siliceous mudstone (USMS) (Morganti,
1979). The Steel Formation conformably overlies the Duo Lake Formation and is informally
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named the Flaggy mudstone (FLMD) (Morganti, 1979). Lead-Zn SEDEX deposits, for which the
HPD is renowned, are hosted within the ACTM. Conodont and graptolite biostratigraphic
determinations show that deposition of the CCMS began in Middle Ordovician, and was
succeeded by the ACTM in the Early Silurian and was, in turn, succeeded by the USMS in the
Late Early to Middle Silurian (Norford and Orchard, 1985). Collectively, these sedimentary rocks
comprise a semi-continuous, 38 km long, southeast-to-northwest trend that defines the HPD (Fig.
4.1B).
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Figure 4.2 A) Stratigraphic section of the Howard’s Pass district. Note that the Pb-Zn SEDEX
deposits are hosted entirely within the ACTM, whereas phosphatic mudstone occurs in the
CCMS, ACTM and USMS (modified from Gordey and Anderson, 1993); B) Bedded phosphatic,
carbonaceous mudstone with small calcite nodules and minor pyrite; n: nodular carbonate.
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The PSMS member (2 to 10 m thick) is the basal unit of the Duo Lake Formation in the
HPD and consists of grey to black pyritic, carbonaceous shale. The CCMS (50 to 100 m thick)
overlies the PSMS member and consists of highly carbonaceous mudstones with variable
amounts of intercalated limestone and carbonate concretions. Minor wispy pyrite and calcite
veins, 2.5 mm to 1 cm, occur locally. The LCMS (15 to 30 m thick) consists of highly
carbonaceous and siliceous mudstones. The CCMS and LCMS have very similar appearances and
are massive, monotonous, highly carbonaceous cherty mudstones with variable contents of
calcite. These similarities do not lend themselves to easy differentiation in the field, and both the
LCMS and CCMS are typically logged as the CCMS. The ACTM (0 to 60 m thick; typically 20
to 30 m) hosts the Zn-Pb mineralization in the HPD. The USMS (20 to 90 m thick) consists of
carbonaceous and cherty mudstones with minor to abundant laminations (0.5 to 1.5 cm thick) of
apatite and locally abundant carbonate concretions. The carbonate concretions are spheroidal and
range from a few centimeters to almost one meter in diameter. They are most abundant within the
USMS, and are common in the CCMS and ACTM. Calcite is the predominant mineral, but a
veneer of pyrite commonly rims the concretions.
Phosphatic mudstones occur within the upper CCMS, the lower ACTM and throughout
the USMS (Goodfellow, 1984; Goodfellow and Jonasson, 1986). Within these rocks, the
dominant phosphate mineral is carbonate-bearing fluorapatite. It is most commonly layered and is
interlaminated with carbonaceous mudstone, chert and pyrite (Fig. 4.2B). Where carbonatebearing fluorapatite is present in the upper CCMS and lower ACTM, P2O5 contents range up to
10 wt.% over short (<0.5 m) stratigraphic intervals; however, the highest P2O5 abundances occur
within the USMS. There, the P2O5 content commonly exceeds 10 wt.% over narrow (<1 m)
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intervals and averages ca. 5 wt.% over tens of meters (Goodfellow, 1984; Slack et al., 2011; Peter
et al. in prep).

4.4 Methods
4.4.1 Sampling
The samples used in this current study are a subset of those for which LA-ICP-MS
analyses of pyrite were reported in Chapter 2. Included are five recent (2007-2011) diamond-drill
cores from the XY Central, Brodel and Don deposits (Fig. 4.1B). Polished petrographic sections
of 10 representative phosphatic samples were analyzed from the CCMS (n=1), ACTM (n=2) and
USMS (n=7). Among these samples, five were selected for EPMA and all were analyzed by LAICP-MS.
4.4.2 Whole-rock geochemical analysis
Drill core samples collected from the XY Central, Don and Brodel deposits were
analyzed at Acme Analytical Laboratories in Vancouver, British Columbia. Rock samples were
crushed and pulverized using alumina-ceramic disks, and 5-g splits underwent lithium borate
decomposition. ICP-MS analyses were performed to measure the REE-Y abundances. Replicate
data on in-house standards and duplicate samples indicate an acceptable reproducibility (within
15%) for the elements analyzed.
4.4.3 Electron probe microanalysis
Wavelength dispersive electron microprobe analyses were performed using a JEOL
JXA-8230 Superprobe® at Queen’s University Facility for Isotope Research (QFIR), Kingston,
Ontario. Prior to EPMA analyses, polished thin sections were carbon-coated to a standard
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thickness of 25 nm monitored on a polished brass puck. Spot analyses were done using a beam
diameter of 5-7 µm, a beam current of 15 nA and an accelerating potential of 15 KV. The X-ray
lines and peak measurement times for each element are included in Appendix F; off-peak
background subtraction is equal to half of the dwell time on either side of the peak. Combinations
of natural and synthetic standards were used to calibrate the instrument (Appendix F).

4.4.4 Laser ablation-inductively coupled plasma-mass spectrometry
Laser ablation-ICP-MS analyses were carried out on a ThermoScientific Element XR®
high resolution-ICP-MS coupled to a ESI NWR 193 nm ArF Excimer laser system equipped with
a fast-washout large-format cell at Queen’s University Facility for Isotope Research. Ablation
was performed in an ultra-high purity He carrier gas. The HR-ICP-MS lens and gas flow settings
were tuned daily on

238

U GSD-1G, a fused glass synthetic standard reference material (SRM)

with 41 ppm U (Jochum et al. 2005), to maximize sensitivity (routinely >106 counts per second)
and minimize oxide production.
Isotopes (88Sr,
165

89

Y,

137

Ba,

139

La,

140

Ce,

141

Pr,

146

Nd,

147

Sm,

153

Eu,

157

Gd,

159

Tb,

163

Dy,

Ho, 167Er, 169Tm, 172Yb and 175Lu) were analyzed at the medium nominal resolution setting (MR

= 4000, where Resolution = M(center mass)/ΔM(peak width at 5% peak height)). Because
isobaric interferences of Ba oxides overlap with Eu and because light rare earth element (LREE)
and middle REE oxides overlap with middle REE and heavy REE, respectively, oxide production
levels, measured as
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U16O/238U, were maintained at <0.5%. This nominal mass resolution

ensured that isobaric oxide interferences are avoided while maintaining high (sub-ppm)
sensitivity during LA-ICP-MS analyses.
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Analyses were performed using a beam diameter of 35 µm, with a laser pulse frequency
of three hertz and a beam fluence of 10 J/cm2. For each spot, 66 seconds of background (i.e.,
beam off) preceded 66 seconds of continuous ablation and each spot analysis consisted of ten 6.6second scans. The laser bored through the thin section before 66 seconds in some analyses, in
which case the data were integrated using fewer than 10 runs. This resulted in a lower integration
time, but ensured more robust counting statistics. A three-point calibration curve was made from
an analytical gas blank and standard reference materials GSD-1G (ca. 39 to 52 ppm REE-Y) and
GSE-1G (ca. 390 to 600 ppm REE-Y) (Jochum et al., 2005) prior to each batch of unknown
apatite analyses (≤10 spots) as external calibration standards. This was done to quantify elemental
abundances in unknown apatite analyses and to correct for analytical drift. Additionally, an inhouse matrix-matched standard, Durango fluorapatite (Cerro de Mercado, Mexico), was
measured subsequent to SRM analyses as an unknown to correct for differences in ablation yield;
the unknown apatite data were corrected by Ce normalization using the Ce content of Durango
apatite (4680 ppm), determined by EPMA. Data for unknowns and standards were acquired
during the same analytical session using identical analytical protocols.
Durango apatite was also used to monitor precision and accuracy. Reproducibility of
repeat analyses (n=10) across analytical sessions is better than 90% for all elements except Tm
(87.6%), Yb (85.9%) and Lu (81.3%). Published REE-Y abundances for Durango apatite vary by
a factor of 1.5 to 2 (Simonetti et al., 2008; Trotter and Eggins, 2006). The REE-Y content of
Durango apatite determined in the current study falls within the published range of REE-Y
abundances, but these are more consistent (i.e., within 25%) with data published by Trotter and
Eggins (2006).
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Measured REE-Y abundances were normalized to the North American Shale Composite
(NASC; Gromet et al., 1984). NASC normalized values are marked with subscript “N”.
Anomalies are quantified ratios of measured and calculated values of a given element, and “*”
denotes theoretical values calculated using the geometric mean of the neighboring elements
following the convention of McLennan (1989): Ce/Ce* = CeN/(LaN * PrN)0.5, Pr/Pr* = PrN/(CeN *
NdN)0.5, Eu/Eu* = EuN/(SmN0.67 * TbN0.33) Gd/Gd* = GdN/(SmN0.33 * TbN0.67) and Y/Y* = YN/(DyN
* HoN)0.5. Note that Eu and Gd anomalies were calculated using the immediately adjacent
elements to avoid overlapping anomalous behavior of Eu on Gd and of Gd on Eu.

4.5 Results
4.5.1 Petrography
Apatite in the studied samples is readily identified macroscopically as it forms welldefined beds. However, finer detail cannot be observed with standard petrographic microscopy
because of the carbonaceous nature of the host rocks and the presence of minute detrital
inclusions of quartz and organic matter within them. Therefore, scanning electron microscopy
backscattered electron (BSE) imaging of apatite was done and this indicated the presence of
predominantly bedded microcrystalline apatite aggregates (Figs. 4.2B, 4.3A-D). Apatite beds are
parallel to and interbedded with carbonaceous mudstone (Figs. 4.2B, 4.3A-B). Apatite constitutes
50-90 vol.% within individual layers, and the remainder consists of variable amounts of
interstitial quartz, calcite, organic carbon and pyrite. Individual crystals are minute (<10 µm),
with forms that range from anhedral to subhedral and prismatic. Coarser (50 to 100 µm) anhedral
apatite partially replaces organic cell walls of microfossils (Fig. 4.3B, D, E, F). These
microfossils are similar to acanthomorphic acritarchs (Kremer, 2005; Xiao et al., 2014), but in the
HPD have previously been described as mazuelloids (Aldridge and Armstrong, 1981; Goodfellow
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and Jonasson, 1986; Norford and Orchard, 1985). Nodular apatite is relatively uncommon within
the carbonaceous mudstone matrix; however, micronodules (100 to 200 µm diameter) within
apatite beds are fairly common and occur together with phosphatized microfossils and
microcrystalline apatite (Fig. 4.3E).
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Figure 4.3 BSE images of apatite textures, A) Bedded apatite with interstitial quartz, calcite and
organic carbon from the USMS (sample Don-223-23.1); note: dashed white lines indicate
boundaries between apatite bed and adjacent (intercalated) carbonaceous mudstone, B) Bedded
apatite replacing acritarch microfossils (white arrows) within cherty carbonaceous USMS; note
LA-ICP-MS spot analyses (red spot with black outline) (sample XYC-190-286.2); C) Bedded and
granular bedded subhedral apatite with interstitial quartz, calcite, organic carbon and pyrite within
ACTM (sample XYC-224-184.0); D) Bedded granular to partially recrystallized apatite partially
replacing organic carbon in USMS (sample XYC-224-116.8); E) Minute apatite nodules (nod)
and apatite partially replacing organic carbon (Corg) of acritarch microfossils (fos) in cherty
carbonaceous matrix from the USMS (sample XYC-224-116.8); F) Subhedral microcrystalline
apatite partially replacing organic carbon (Corg) of acritarch microfossils in calcite-rich matrix
from the ACTM (sample XYC-190-416.3).

4.5.2 Apatite major element and REE-Y compositions
The major element compositions of fluorapatite from the ACTM and USMS are reported
in Appendix F. Average CaO/P2O5 ratios (1.332 to 1.369) and F/P2O5 ratios (0.094 to 0.107)
indicate that the apatite composition falls between the end-members fluorapatite (CaO/P2O5 =
1.318; F/P2O5 = 0.089) and francolite (CaO/P2O5 = 1.621; F/P2O5 = 0.148). The average
measured ratios indicate that the phosphate mineral is carbonate-bearing fluorapatite (herein
referred to as apatite), but the precise chemical formula of this apatite is difficult to determine by
EPMA. Beam-induced F migration is a common problem in apatite and is controlled
predominantly by crystal orientation (Pyle et al., 2002; Stock et al., 2015; Stormer et al., 1993).
Ideally, the c-axis of apatite crystals should be oriented perpendicular to the electron beam to
mitigate beam-induced F migration; however, the minute grain size coupled with the random
apatite crystal orientation in rock samples from the HPD precludes control of grain orientation.
Therefore, following the recommendation of Henderson (2011), the measured F contents are
considered maximum values.
Rare earth element-Y abundances were measured in apatite from the CCMS (n=9),
ACTM (n=14) and USMS (n=60) (Appendix G). Topologically, the NASC-normalized REE
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profiles for apatite are remarkably similar for each sample, regardless of its stratigraphic position
(Fig. 4A). The total REE abundance varies among the different samples and is likely due to
dilution by minute (<10 µm) clastic mineral grains interstitial to apatite microcrystals. All
samples have moderately negative Ce/Ce* anomalies (0.46 to 0.76), positive Pr/Pr* anomalies
(1.06 to 1.62) and positive Y/Y* anomalies (1.33 to 2.17). Eu/Eu* anomalies are minor, either
predominantly weakly negative or weakly positive (0.81 to 1.62), with no apparent marked
differences between apatites from mineralized and unmineralized strata (Fig. 4A). Gd/Gd*
anomalies are weakly negative to moderately positive (0.79 to 1.96). Overall, these profiles are
consistently flat with respect to NASC (Fig. 4.4A). One sample, XYC-224-184.0 from the
ACTM, is somewhat enriched in middle rare earth elements (MREE) compared with the LREE
and HREE. The relative degrees of LREE and MREE enrichment can be assessed quantitatively
by calculating (La/Sm)N and (La/Yb)N, respectively (Fig. 4.5). These data indicate minor LREE
enrichment compared with HREE, and also indicate minimal MREE enrichment compared with
LREE and HREE.
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Figure 4.4 North American shale composite-normalized (Gromet et al., 1984) REE-Y plots of A)
Average LA-ICP-MS analyses of apatite from the HPD; B) Whole-rock phosphatic mudstone
(HPD), LA-ICP-MS CFA laminae (HPD), Upper Ordovician phosphorite from southeast
Missouri and Early Silurian from central New York (Emsbo et al., 2015); C) Average of igneous
Durango fluorapatite (this study), hydrothermal apatite from Heath Steele belt Fe formation,
Canada (Peter et al., 2003), Sn-W vein mineralization Panasqueira, Portugal (Knutson et al.,
1985) and low temperature hydrothermal apatite from an equatorial Pacific seamount (Hein et al.,
1993). Note: REE arranged in order of decreasing effective atomic radii in trivalent state and
octahedral coordination and, because of this arrangement, Y is inserted between Dy and Ho (Bau
and Dulski, 1996).

It is important to note that much care was taken to analyze pure apatite during LA-ICPMS analyses. However, the very fine-grained nature of this mineral in the HPD coupled with the
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abundant minute grains interstitial to microcrystalline apatite resulted in inevitable ablation of
some minerals other than apatite. The nearly identical topology of LA-ICP-MS apatite and
lithogeochemical REE profiles (Fig. 4.4B) indicate that minute inclusions did not adversely affect
the REE analyses determined by LA-ICP-MS.

4.6 Discussion
4.6.1 Stratigraphic distribution of apatite and variation in REE patterns
Bedded apatite spans three informal units within the HPD, the CCMS, ACTM and
USMS, where it is interbedded with carbonaceous mudstone. The apatite is heterogeneously
distributed, however, and the mineral is far more abundant in the USMS than in the CCMS and
ACTM. Apatite textures vary little with respect to stratigraphic position. As apatite is generally
restricted to thin beds, it is likely that this mineral was deposited either on the seafloor near the
sediment-water interface or within the shallow subsurface. The bedded nature of phosphatic
layers is common in phosphatic sediments (Föllmi, 1996; Föllmi et al., 2005; Hein et al., 1993); it
is widely recognized that bedded phosphorites are a product of slow sedimentation and
mechanical reworking of the sediments (Föllmi, 1996; Föllmi et al., 2005; Glenn et al., 1994). In
places, graded beds occur (Fig. 3A) and this suggests that fine-grained apatite from the HPD was
reworked on the seafloor to form nearly monomineralic layers.
Ubiquitous phosphatic microfossils within apatite-rich beds (Fig. 4.3D-F) have
previously been described as mazuelloids (Norford and Orchard, 1985), and were considered to
be microorganisms with phosphatic cell walls that proliferated in response to hydrothermal fluid
discharge (Goodfellow and Jonasson, 1986). Since then, it has been recognized that these
microfossils are acanthomorphic acritarch fossils, and that phosphatization of the fossils is largely
a postmortem process (Kremer, 2005; Kremer, 2011). This reinterpretation has indicates that
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apatite deposition commenced postmortem and persisted into early diagenesis; furthermore, the
abundance of acanthomorphic acritarchs is indicative of the presence of large upwelling-derived
algal blooms (Kremer, 2005; Kremer, 2011).
The topology of NASC-normalized REE-Y patterns for apatite within the CCMS, ACTM
and USMS are remarkably consistent and there is no systematic variability among the apatite
samples with stratigraphic position. The total REE abundances vary somewhat among the
samples, which is likely due to the presence of minute detrital grains that are spatially
unresolvable using the transient LA-ICP-MS signal. It is important to determine the relative role
of these possible contaminants, as they may skew the topology of the REE profiles. In Figure
4.4B, bulk phosphatic mudstone REE profiles are compared with those for apatite, as determined
by LA-ICP-MS. It is clear from this comparison that: 1) the bulk rock and LA-ICP-MS data are
topologically similar; 2) the primary difference between the REE profiles is the overall REE (i.e.,
up and down shift) abundances; and 3) the REE abundances are predominantly controlled by
apatite within the phosphatic mudstone at the HPD. Although mineral phases other than apatite
likely contain some REE, the similarities between the LA-ICP-MS and lithogeochemical data
(Fig. 4.4B) indicate that apatite is the predominant control on the REE abundances for phosphatic
mudstones within the HPD.
4.6.2 Preservation of seawater REE signatures
The topology of the shale-normalized REE profiles in authigenic and biogenic
phosphates is commonly invoked as a proxy for REE behavior in seawater (Emsbo et al., 2015;
Garnit et al., 2012; Joosu et al., 2015; Wright et al., 1987). Accordingly, the relative timing of
phosphogenesis must be synsedimentary (i.e., authigenic) and not late diagenetic, as compositions
can be modified (Lécuyer et al., 2004; Reynard et al., 1999). Reynard et al. (1999) proposed that
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REE profiles of apatite may reflect quantitative uptake of hydrogenous REE or that adsorption
and substitution processes modify primary REE profiles subsequent to deposition. Quantitative
uptake results in no fractionation amongst the REE, and such apatite should possess seawater-like
NASC-normalized REE profiles. The adsorption mechanism is governed by chemical properties
at the crystal surface, whereby LREE are preferentially adsorbed onto apatite crystal surfaces
over the HREE; this occurs predominantly during early diagenesis (Lécuyer et al., 2004; Reynard
et al., 1999). The substitution mechanism, however, is controlled by REE substitution into the
apatite crystal lattice. Apatites affected by substitution significantly incorporate MREE over
LREE and HREE, and this results in concave-down NASC-normalized REE profiles (Fig. 4.4B);
this process is indicative of recrystallization during late diagenesis or deeper burial (Fig. 4.5)
(Lécuyer et al., 2004; Reynard et al., 1999; Shields and Stille, 2001).
Both adsorption and substitution mechanisms can be assessed quantitatively by
calculating (La/Yb)N and (La/Sm)N NASC-normalized ratios, respectively (Fig. 4.5). (La/Yb)N
values >1 reflect a greater degree of LREE enrichment with respect to HREE because LREE are
adsorbed onto apatite crystal surfaces; however, Reynard et al. (1999) suggest that values below
2.5 are indicative only of minor adsorption during early diagenesis. The average values for apatite
from the HPD range from 1.32 to 2.74, suggesting that early diagenetic fluids did not
significantly modify primary LREE/HREE distributions. Similarly, (La/Sm)N ratios reveal
fractionation characteristics of LREE to MREE. Lécuyer et al. (2004) suggest that values >0.3 are
most likely primary or only slightly altered, whereas values <0.3 have significant MREE addition
(via substitution) within the crystal structure. Average (La/Sm)N ratios of apatites from the HPD
range from 0.47 to 1.38. One sample from the ACTM, XYC-224-184.0, has lower (La/Sm)N
ratios that form a separate cluster (Fig. 4.5). This sample is interbedded with sphalerite and
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galena. The presence of apatite together with base-metal sulfides is rare in the HPD, and the
paragenetic relationship is unclear. Gadd et al. (2015b) proposed that the introduction of
sphalerite and galena SEDEX mineralization is largely early diagenetic. If apatite deposition
predated SEDEX mineralization, then SEDEX Pb-Zn fluids may have modified the original REE
content; however, these lower (La/Sm)N values are above the minimum threshold for significant
MREE substitution proposed by Lécuyer et al. (2004). Thus, according to the diagenetic
alteration proxies of Reynard et al. (1999) and Lécuyer et al. (2004), the REE contents of apatite
from the HPD were not significantly modified by early or late diagenetic fluids. As such, it is
likely that the REE contents apatite serve as a reliable proxy of the REE systematics of the
ambient fluid from which it was deposited.
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Figure 4.5 Bivariate plot of (La/Sm)N vs. (La/Yb)N for apatite analyzed by LA-ICP-MS. The
modern seawater field and trajectories for early diagenesis (adsorption), late diagenesis
(recrystallization) and substitution are from Reynard et al. (1999).
4.6.3 REE as redox proxies: Ce/Ce* and Eu/Eu*
Cerium and Eu are the only REE that deviate from the (III) valence state. Cerium has two
oxidation states, Ce3+ and Ce4+, and these are strongly redox dependent; fractionation of Ce
relative to its neighboring elements is a direct response to the variability in oxidation state (De
Baar et al., 1988). In oxygenated marine environments, Ce4+ predominates and is scavenged by
highly reactive Fe-Mn-oxyhydroxides, which leads to depletion of Ce in oxic seawater. In
modern oceanic environments, the magnitude of the Ce anomaly is dependent on the water depth.
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In surface waters, Ce anomalies are largely absent (Ce/Ce* ~1); however, Ce progressively lost
from the water column with increasing water depth due to oxidative scavenging onto highly
reactive Fe-Mn-oxyhydroxides particles in the water column (Alibo and Nozaki, 1999). Whereas
Fe-Mn-oxyhydroxide particles gain Ce4+ and possess positive Ce anomalies, authigenic phases
that precipitate from Ce-depleted seawater near the sediment-water interface, such as apatite, are
concomitantly depleted in Ce and display negative Ce anomalies (i.e., Ce/Ce*<1). In anoxic
environments, Ce behaves similarly to the other trivalent REE, and nil to weakly positive
anomalies are present. Thus, depending on ambient redox and reactive particle residence time,
apatite may record negative/positive Ce anomalies or none.
The magnitude of negative Ce anomalies is commonly used as a proxy to infer the
oxygen levels under which authigenic minerals, such as apatite, are deposited (Wright et al.,
1987). Apatite from sedimentary phosphorites commonly displays strongly negative to nil Ce
anomalies (see recent compilation by Emsbo et al., 2015). Apatite deposited under oxic
conditions (i.e., >2 ml O2/L H2O; Tribovillard et al., 2006) has the largest negative Ce anomalies
(Ce/Ce*<0.4) owing to the significant removal of Ce from seawater by oxidative scavenging
(adsorption). Moderately negative Ce anomalies (Ce/Ce*=0.4 to 0.9), however, are the byproduct
of suboxic conditions (i.e., 0.2 to 2 ml O2/L H2O; Tribovillard et al., 2006). In suboxic
environments, some Ce is released into bottom waters or sediment porewaters during reductive
dissolution of particulate material onto which Ce oxides had been adsorbed (Elderfield and
Sholkovitz, 1987; Haley et al., 2004; Wright et al., 1987).
It is important to determine whether a calculated Ce/Ce* ratio records truly deficient or
excess Ce relative to the neighboring lanthanides, or whether the Ce/Ce* ratio is related to excess
abundances of La, resulting in the generation of false or spurious Ce anomalies (Bau and Dulski,
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1996). This can be done by calculation of a Pr/Pr* ratio, because a negative Ce/Ce* (<1.0) results
a priori in positive Pr/Pr* (>1.0) (Fig. 4.6). The LA-ICP-MS data for all apatites plot within Field
IIIb on the Ce/Ce* vs. Pr/Pr* of Bau and Dulski (1996) used to discriminate between real and
spurious anomalies, and indicate true negative Ce anomalies that are unrelated to La/La*.
Importantly, the negative Ce anomalies measured in this study constrain the ambient redox
conditions to suboxic during apatite deposition (Wright et al., 1987). As these are all of nearly
identical magnitude, it is likely that suboxic conditions were common during apatite deposition.
Due to the effects of diagenesis, the veracity of Ce anomalies in apatite as a paleoredox indicator
has been the subject of much scrutiny and considerable debate (Shields and Stille, 2001 and
references therein). Thus, the REE composition of apatite might reflect the composition of deeper
porewaters and not ambient bottom water conditions. However, our data demonstrate minimal
post-depositional modification (Fig. 4.5) and retention of primary REE signatures.
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Figure 4.6 Bivariate plot of NASC-normalized Ce/Ce* vs. Pr/Pr* for apatite analyzed by LAICP-MS. Field I: nil Ce* and nil La* anomalies; Field IIa: positive La* anomaly, nil Ce*
anomaly; Field IIb: negative La* anomaly, nil Ce* anomaly; Field IIIa: positive Ce* anomaly;
Field IIIb: negative Ce* anomaly (fields from Bau and Dulski, 1996). See text for further
explanation of the fields.

The relative abundance of the two oxidation states of Eu, Eu2+ and Eu3+, is controlled by
redox, pH and temperature. At low temperatures (ca. 25 °C), near surface conditions, Eu prevails
in its trivalent state (Sverjensky, 1984). Accordingly, Eu3+ will not be fractionated relative to its
neighboring elements that also occur in the trivalent state resulting, and no anomaly is produced.
However, Eu2+ dominates under extremely reducing (i.e., anoxic) alkaline conditions or high
temperature (i.e., >250 °C) hydrothermal conditions and will fractionate relative to the adjacent
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REE (Sverjensky, 1984). Thus, depending on the redox, pH and temperature conditions of
deposition, apatite may record positive, nil or negative Eu anomalies.
Igneous apatite commonly displays negative Eu anomalies (e.g., Durango fluorapatite;
Fig. 4C) (Belousova et al., 2002), whereas hydrogenous (carbonate-bearing fluor-)apatite
commonly records either nil or positive Eu anomalies (Fig. 4.4A-C) (Emsbo et al., 2015; Joosu et
al., 2015; Shields and Stille, 2001). Carbonate-bearing fluorapatite from Phanerozoic phosphorite
deposits typically possesses nil to minimally positive Eu/Eu* anomalies (Emsbo et al., 2015),
consistent with the low temperature and suboxic conditions in which these deposits formed.
Strongly positive Eu anomalies (Eu/Eu*>>1) are comparatively rare, but have been documented
in apatite deposited from high temperature (>250 °C) hydrothermal deposits (Fig. 4.4C), such as
the Heath Steele belt iron formation (Eu/Eu* = 25.3; Peter et al., 2003) and the Panasquiera
hydrothermal tin deposit (Eu/Eu* = 35.6; Knutson et al., 1985). The inferred hydrothermal Pb-Zn
SEDEX fluid temperatures for the HPD, estimated using sphalerite-galena S isotope
thermometry, are low (i.e., <200 °C; Goodfellow and Jonasson, 1986). These low-temperature
fluids likely precluded the fractionation of Eu (as Eu2+) and the formation of (positive) Eu
anomalies. The relatively unfractionated behavior of NASC-normalized Eu in apatite from the
HPD (Fig. 4.4A, B) indicates that Eu predominated in its trivalent state, and that Eu was neither
enriched nor depleted relative to the other REE. Because the lack of a strong positive (or
negative) Eu anomaly in apatite may be the result of several combined physico-chemical factors
(e.g., limited water-rock interaction, fluid temperature, pH, redox conditions; Douville et al.,
1999; Michard, 1989), these data alone cannot be used to differentiate between apatite deposition
from low temperature hydrothermal fluids and that formed by hydrogenous processes.
4.6.4 Gd behavior
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Gadolinium is trivalent and possesses similar chemical properties to the REE; however,
anomalous Gd behavior, relative to neighboring Eu and Tb, has been documented in modern
seawater (De Baar et al., 1985). The documented Gd anomalies are weakly positive (Gd/Gd* =
1.1-2), and are relatively constant with respect to water depth (De Baar et al., 1985). The
fractionation of Gd relative to Eu and Tb is not a redox related process because Gd is exclusively
trivalent. Therefore, Gd anomalies must form in response to some other intrinsic property of Gd.
The most likely explanation is the relatively stable electron configuration of Gd, in which half of
the outer 4f electron shell is filled (i.e., tetrad effect) (Bau, 1999). Bau (1999) investigated
mechanisms by which dissolved REE-Y are scavenged onto precipitating Fe oxyhydroxides. The
experimental data of Bau (1999) reveal that scavenging is pH dependent and that tetrad REE-Y
(Y, La, Gd and Lu) remain in solution relative to non-tetrad REE at pH>5; in low pH fluids,
tetrad REE-Y do not fractionate relative to Eu and Tb. Kim et al. (1991) demonstrated that a fluid
may possess positive or negative Gd anomalies. The predominant factor controlling anomalous
Gd behavior is alkalinity and carbonate complexation; however, the higher particle reactivity of
neighboring Eu and Tb also factor into the generation of Gd anomalies (Kim et al., 1991).
Solutions with weakly acid to near-neutral pH typically possess positive Gd anomalies, whereas
alkaline solutions possess negative Gd anomalies. The Gd/Gd* values of apatite from the HPD
are relatively constant (Fig. 4A-B), with average values ranging from 1.11 to 1.36 (Appendix G).
Late Ordovician and Early Silurian phosphorites of Emsbo et al. (2015) also show positive
Gd/Gd* values (Fig. 4B). In fact, a majority of the Phanerozoic phosphorite REE data presented
in Emsbo et al. (2015) possess positive Gd anomalies that are of similar magnitude (see Fig. 3 in
Emsbo et al., 2015). Although once considered controversial due to potential analytical artifacts
and shale normalization schemes, Alibo and Nozaki (1999) demonstrated that Gd anomalies in
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seawater are genuine and suggested that anomalous Gd behavior in seawater may be controlled
by kinetic mechanisms of ocean circulation and biogeochemical nutrient cycling. The Gd
anomalies in apatite from the HPD are also genuine because oxide production was minimized to
avoid the isobaric LREE-oxide interferences (e.g., 16O141Pr on 157Gd) that are responsible for
spurious Gd anomalies (Dulski, 1994). Additionally, Gd anomalies are observed in both LA-ICPMS and lithogeochemical REE profiles (Fig. 4.4B). Gadolinium anomalies in apatite are not
typically discussed in the REE-Y literature; however, these anomalies in apatite from the HPD
suggest that seawater mediated the precipitation of this mineral. Additional research is needed to
more completely assess the utility of these anomalies, as they may potentially provide additional
insight about the physico-chemical conditions (e.g., pH, alkalinity, temperature) in which apatite
is deposited.
4.6.5 Y behavior
Yttrium is trivalent and possesses similar chemical properties to the REE. The element is
considered a geochemical twin to Ho because these two elements have similar or identical ionic
radii and valences (Bau et al., 1996). Whereas the continental crust, mantle and high-temperature
hydrothermal fluids are characterized by chondritic Y/Ho ratios (i.e., 26), seawater has superchondritic Y/Ho ratios (ca. 47) (Bau, 1996; Nozaki et al., 1997). Y/Ho ratio variability between
seawater and the other media is due to higher particle reactivity of Ho, which is scavenged
preferentially over Y by hydrogenous ferromanganese oxyhydroxide particles in the marine
environment (Bau, 1996; Bau, 1999; Bau et al., 1996; Koschinsky et al., 1997). The Y/Ho ratio of
apatite from the HPD is relatively constant, with average values ranging from 37.6 to 43.8
(Appendix G). These values are consistent with the positive Y anomalies (1.53 to 1.87). Although
it is unlikely that marine conditions were identical to those in the modern Pacific Ocean, the
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super-chondritic Y/Ho ratios and positive Y anomalies suggest a predominant seawater source for
apatite within the HPD.
4.6.6 Origin of phosphatic mudstone
Marine phosphate deposits are common in continent-margin sediments, and formed
particularly during several peak time intervals in the Phanerozoic (Cook and McElhinny, 1979).
Phosphatic sediments occur in many different forms, some of which include irregular masses,
granular beds and nodules (Glenn et al., 1994). These deposits can form by several processes, but
the most common is the upwelling of nutrient-rich waters (Cook and McElhinny, 1979; Föllmi,
1996; Föllmi et al., 2005; Froelich et al., 1988). It is also recognized that large sulfur (oxidizing)
bacteria play an important role in releasing dissolved phosphate to sediment porewaters in
modern upwelling environments (e.g., Namibian shelf; Schulz and Schulz, 2005). Non-upwelling
environments are also important depositional sites for marine P and include continental margins
that lack seasonal upwelling (e.g., Long Island sound; Ruttenberg and Berner, 1993). Seawater P
may also have been adsorbed onto hydrogenous Fe-Mn oxyhydroxide crusts, which was then
liberated to form authigenic apatite during diagenesis (Bau et al., 1996; Koschinsky et al., 1997).
Hydrothermal phosphogenesis has also been suggested, particularly in places where phosphatic
and metalliferous sedimentary rocks occur together (Goodfellow, 1984; Peter and Goodfellow,
1996; Peter et al., 2003; Stalder and Rozendaal, 2004); however, it is unclear whether the P is
derived from hydrothermal fluids, together with other hydrothermal elements, or whether the P is
hydrogenous and scavenged efficiently by (onto) hydrothermal Fe-Mn particles and released
during diagenesis to form apatite. In modern seafloor hydrothermal vents, P is scavenged from
seawater and adsorbed onto hydrothermal Fe-Mn-oxyhydroxide particles (Feely et al., 1990;
Feely et al., 1998; Wheat et al., 1996).
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One method to evaluate the processes responsible for phosphogenesis within the HPD is
to compare its REE characteristics with those of apatite formed by different genetic processes.
The HPD apatite is most similar in its REE compositions to sedimentary phosphorite (Fig. 4.4B),
and is dissimilar to low-temperature hydrothermal, high-temperature hydrothermal or igneous
apatites (Fig. 4.4C). Moreover, the topology of the apatite REE profiles for the HPD apatite is
almost identical to Late Ordovician phosphorites from southeastern Missouri (Fig. 4.4B).
Notably, however, the phosphorites from Missouri lack a distinct negative Ce/Ce* (Emsbo et al.,
2015). Although Goodfellow (1984) suggested that the close spatial association of phosphatic
mudstone with Pb-Zn SEDEX deposits in the HPD is the consequence of a shared (common)
hydrothermal origin, our REE data support a hydrogenous origin for the apatite. Such an origin is
supported by the chemical uniformity (particularly the REE profiles) of the apatite from the
different sedimentary units (Fig. 4.4A). Although one of the units (i.e., ACTM) hosts the Pb-Zn
deposits, the striking similarity of the REE profiles for the mineralized and unmineralized rocks
indicates that the apatite has a common origin that is unrelated to the venting of hydrothermal
fluids, but rather is due to precipitation from ambient bottom water. Additional support for a
seawater origin is the presence of age-equivalent phosphatic mudstones elsewhere in the Selwyn
basin that lack associated Pb-Zn deposits (Goodfellow et al., 1992).

4.7 Conclusions
The REE contents of apatite from the HPD place unequivocal constraints on the ambient
redox conditions of the water column. The Ce anomaly data for apatite in both mineralized and
unmineralized rocks indicate that the redox state of the ambient bottom water was suboxic during
apatite deposition. These include data for host rocks that are stratigraphically below and above
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mineralization that formed both prior to and subsequent to mineralization. The suboxic nature of
the water column argues against the presence of sulfidic conditions in the ambient water column
purported to have existed over a sustained period of time (up to 50 M.y.; Goodfellow, 1987), as
suggested by Goodfellow (1987). Intermittent periods of anoxic or sulfidic ambient conditions
may have occurred, but the intrinsic redox sensitivity of Ce and the preservation of negative Ce
anomalies imply that the prevailing phosphogenic conditions were dominantly suboxic.
Our data indicate a hydrogenous authigenic origin for apatite in the HPD. In the absence
of low-temperature hydrothermal phosphogenesis, it is probable that sedimentary and/or
biogeochemical processes mediated the deposition of phosphate. Slack et al. (2011) proposed that
phosphogenesis was driven by the upwelling of nutrient-rich waters which were subsequently
trapped to produce phosphatic mudstone at the HPD. The paleogeographic configuration of the
western Laurentian continental margin, the presence of abundant upwelling-produced acritarch
microfossils (Kremer, 2011), similarities of the REE abundances with other time-equivalent
phosphorites provide concrete evidence for an upwelling origin. Sustained stagnant conditions do
not conform to traditional upwelling models (Goodfellow, 1987; Johnson et al., 2014; Turner,
1992). As an alternative hypothesis, Johnson et al. (2014) suggested that the ambient environment
was ferruginous and phosphogenesis was related to redox pumping of particulate Fe phases.
Therefore, although the apatite REE data from the HPD support a hydrogenous origin, additional
research, such as independent redox proxies (Mo, Re, etc.), sedimentological data, paleo-water
depth and bacterial biomarkers, is needed distinguish a redox pump mechanism from upwelling,
nutrient-rich waters in the formation of apatite in the HPD.
The close spatial association of phosphatic mudstone and SEDEX Pb-Zn deposits might
suggest a common hydrothermal origin; however, our data indicate that phosphogenesis in the
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HPD is only casually related to SEDEX Pb-Zn mineralization. Additional data for apatite from
the HPD, such as stable S, C and O isotopes in structurally associated sulfate and carbonate,
respectively, are required to better understand the ambient paleoenvironmental and/or later
diagenetic conditions that led to the formation and preservation of the world-class Pb-Zn SEDEX
deposits.
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Chapter 5
Summary and conclusions
The salient goals of this research were to gain a clearer understanding of the genesis of
the Zn-Pb SEDEX deposits within the HPD and to develop mineral exploration techniques better
tailored to discovering similar deposits elsewhere. Conducting this research has led to better
constraints on the timing of SEDEX Zn-Pb mineralization, sources and pathways of reduced
sulfur and the depositional environment in which the SEDEX Zn-Pb deposits formed. Application
of high spatial resolution techniques, such as LA-ICP-MS and SIMS, revealed that the
mineralization process occurred predominantly during diagenesis and that the paleoredox
conditions of the ambient depositional environment were dynamic rather than permanently
stagnant.

5.1 Pyrite formation, trace element variability and timing of SEDEX mineralization
There is diversity in the different pyrite types that occur throughout the stratigraphic
succession. This research has shown that three generations of pyrite formed from hydrothermal
mineralizing fluids and sediment porewaters during sedimentation, compaction and dewatering,
and from later metamorphic fluids. At the single grain-scale, there is compositional variability
among the different morphologies; however, the trace element abundances and enrichments
within each different pyrite generation in a given stratigraphic unit are less variable (Table 5.1).
Importantly, pyrite trace element compositions indicate that the SEDEX mineralizing event
mostly took place during diagenesis. A settling, dense metalliferous brine percolated into
permeable carbonaceous mud, expelled less-dense porewaters upward into the overlying water
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column, and laterally outward onto the basin margins. The mineralizing fluid, introduced during
diagenesis, contributed Mn, Zn, As, Ag, Sb, Tl and Pb to the SEDEX deposits from the HPD; the
primary residence site of several of these elements (As, Sb and Tl) is pyrite. This genetic model
differs in many respects to previously proposed models, which indicate concomitant precipitation
and deposition of sphalerite, galena and framboidal pyrite in a euxinic water column (Goodfellow
and Jonasson, 1986; Goodfellow, 1987; Goodfellow et al., 1993; Goodfellow, 2004).
It should be noted that modeling the genetic processes responsible for SEDEX
mineralization the HPD is critically dependent on constraining physico-chemical parameters of
the mineralizing fluid; however, some of those (e.g., hydrothermal fluid temperature and salinity)
cannot be determined empirically and can only be inferred. Moreover, the source(s) and discharge
location(s) (e.g., footwall feeder zones, synsedimentary faults or mound structures) for such fluids
have also not been identified in the HPD and, together with the inferred vent-distal classification
of the HPD, a brine pool model is favored. Therefore, in the absence of such empirical data, the
trace element abundances and distributions among pyrite types provide the strongest evidence for
the relative timing of Zn-Pb SEDEX mineralization within the HPD.
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Table 5.1 Summary of mineralogy, pyrite trace element compositions, sulfur isotopes, redox
proxies and inferred water oxidation states
Table 5.1 Summary of mineralogy, sulfur isotope compositions, trace element distributions and redox conditions
CCMS
ACTM
USMS
FLMD
Lithology/mineralogy
Carbonates
calcite locally abundant as
abundant bedded
locally abundant as
trace to minor in
concretions
limestone, locally
concretions
concretions
weakly present
absent
weakly present
dolomite weakly present
1
weakly present
absent
absent
siderite absent
Sulfides
Pyrite
minor
abundant
abundant
minor
minor: inclusions in
py2a and py2b

abundant
abundant
abundant
minor
abundant: discrete and
inclusions in py2a and
py2b

minor to locally abundant
abundant
abundant
minor
minor: discrete,
inclusions in py2a and
py2b

minor
minor
abundant
minor
trace: inclusions in
pyrite

galena minor: inclusions in
pyrite

abundant: discrete and
inclusions in py2a and
py2b
locally abundant, but
minor
abundant in upper
section

minor: discrete,
inclusions in pyrite

trace: inclusions in
pyrite

abundant

absent

py1
py2a
py2b
py3
sphalerite

locally abundant
Phosphates

abundant
abundant
Organic carbon
Sulfur isotope composition
py1 (SIMS)
-26.5 to -7.5‰
-21.0 to -15.7‰
py2 (SIMS)
13.4 to 47.8‰
21.9 to 47.6‰
14.7 to 49.7‰
py3 (SIMS)
7.5 to 29.3‰
17.7 to 23.1‰
16.3 to 27.1‰
galena (SIMS)
17.0 to 27.3‰
pyrite (bulk)2
2.5 to 25.1‰
-11.8 to 23.7‰
2.4 to 57.0‰
galena (bulk)
21.0‰
8.2 to 19.5‰
7.9 to 9.2‰
sphalerite (bulk)
22.8‰
12.6 to 24.0‰
14.6 to 29.4‰
Trace element composition
Group A elements
(Zn, Pb, Mn, As, Ag, Sb, Tl) py1 > py2a, py2b > py3 py2a, py2b ≥ py1 > py3 py1 > py2a, py2b > py3
Group B elements
(Co, Ni, Cu, Se, Mo, Bi) py1 ≅ py2a, py2b > py3 py2a, py2b ≥ py1 > py3 py1 ≅ py2a, py2b > py3
Redox proxies and conditions
Ce/Ce* (in apatite) 0.54 to 0.62; suboxic
0.47 to 0.65; suboxic
0.47 to 0.76; suboxic
Ce/Ce* (in bulk phosphatic mdst)
0.55
0.54
framboid size
<6 μm
6 to >10 μm
6 to >10 μm
1

minor

10.3 to 35.7‰
18.6 to 30.4‰
-

py1 > py2a, py2b > py3
py1 ≅ py2a, py2b > py3
<6 μm

Peter et al. (2015), 2Goodfellow and Jonasson (1986)

5.2 Reduced sulfur sources and sulfate reduction pathways
Goodfellow and Jonasson (1984) and Goodfellow (1987) concluded that reduced sulfur
(necessary to complex with, and fix Zn, Pb and Fe) was derived entirely from the water column
(i.e., H2Saq). Moreover, to account for the strongly positive δ34S values in sphalerite, galena and
pyrite, Goodfellow (1987) invoked bacterial sulfate reduction (BSR) and Rayleigh fractionation
of a fixed sulfur reservoir within a sustained euxinic water column. This interpretation is
inconsistent with the high sulfur isotope variability among paragenetically different pyrite types
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identified in this research (Table 5.1). Significantly, the close spatial juxtaposition of isotopically
light framboids and isotopically heavy galena and diagenetic pyrite within 10s of microns is
consistent in each of the major SEDEX Pb-Zn deposits of the HPD. Additional sulfur sources
and/or reduction pathways must therefore have been active to account for these sulfur isotopic
compositions.
Several workers have suggested that in the HPD reduced sulfur, Zn and Pb were
delivered together in hydrothermal metalliferous fluids (Cooke et al., 2000; Ohmoto and
Goldhaber, 1997; Ohmoto et al., 1990); however, this is considered unlikely due to the
insolubility of Zn and Pb in the presence of reduced sulfur in low temperature (<200 °C)
hydrothermal fluids (e.g., Lydon, 1983). Therefore, it is concluded that oxidized fluids
transported additional sulfate to the depositional site and that this sulfate was thermogenically
reduced. This conclusion is consistent with genetic models proposed for the HYC (Cooke et al.,
2000; Ireland et al., 2004; Large et al., 1998) and Sullivan (Taylor, 2004; Taylor and Beaudoin,
2000) SEDEX deposits, whereby sulfate was transported together with Zn and Pb and combined
BSR and TSR reduced hydrothermal sulfate to fix base metals.

5.3 Phosphorus cycle
Apatite-rich mudstone is a notable feature of the SEDEX Pb-Zn deposit host rocks
immediately above and below these deposits in the stratigraphic succession. The origin of apatite
in the HPD is controversial because of the close spatial association with the SEDEX deposits.
Some workers have proposed that phosphorus was delivered together with Zn and Pb in the same
hydrothermal fluid from which the base-metal sulfide mineralization was precipitated
(Goodfellow, 1984; Goodfellow, 1999; Goodfellow and Jonasson, 1986). However, more
recently others have hypothesized that apatite formed from constituent elements and authigenic
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processes unrelated to hydrothermal fluid discharge. The mechanism causing precipitation may
have been Fe redox pumping near the sediment-water interface (Johnson et al., 2014) or
upwelling of nutrient-rich waters (Slack et al., 2011).
The REE-Y abundances in apatite were determined in the present study, and these data
conclusively require that the apatite in the HPD was hydrogenous. A seawater origin is supported
by several REE-Y ratios (i.e., Ce/Ce*, Eu/Eu*, Gd/Gd*, Y/Y*, Y/Ho), and it is likely that
chemical sedimentary (Glenn et al., 1994) and/or biogeochemical (Jarvis et al., 1994) processes
mediated the deposition of apatite near the sediment-water interface. Additional evidence for a
non-hydrothermal origin of apatite is the presence of coeval phosphatic mudstone in the
Richardson trough (i.e., northern extension of the Selwyn basin) that lack associated SEDEX ZnPb deposits (Goodfellow et al., 1992).
(Slack et al., 2011) proposed that phosphogenesis was driven by the upwelling of
nutrient-rich waters which were subsequently trapped to produce phosphatic mudstone within the
HPD. The paleogeographic configuration of the western Laurentian continental margin, the
presence of abundant upwelling produced acritarch microfossils (Kremer, 2011), similarities of
the REE abundances with other coeval phosphorites (Emsbo et al., 2015) provide evidence for an
upwelling origin. Whereas the REE-Y data from phosphatic mudstone indicate suboxic
conditions, several workers have proposed that sustained, anoxic stagnant conditions existed
(Goodfellow, 1987; Johnson et al., 2014; Turner, 1992). However, the data presented in the
current thesis are contrary to, and do not support, models invoking prolonged stagnation. Further,
basin stagnation precludes traditional upwelling models and, to account for this, Johnson et al.
(2014) suggested that a ferruginous ambient environment and Fe redox pumping of particulate Fe
phases is a plausible alternative phosphogenesis model.
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5.4 Secular variation of water column redox
The ubiquitous negative sulfur isotope compositions of framboidal pyrite indicate the
presence of bacteria and BSR in sediment-porewaters near the sediment-water interface. The
similarity of δ34S values of pyrite throughout the sedimentary succession included in this study
argues against a closed, stagnant basin. These data additionally indicate that seawater sulfate was
not incrementally reduced under closed system conditions. Although the sulfur isotope
compositions of several generations of pyrite require more than one sulfate reduction pathway,
the data do not unambiguously constrain bottom water redox conditions. However, the abundant
large and variably sized framboids suggest that suboxic bottom waters were prevalent during
framboid precipitation (Wilkin et al., 1997; Wilkin et al., 1996; Wilkin and Arthur, 2001).
The REE-Y contents of apatite from the HPD place unequivocal constraints on the
ambient water column redox conditions. These include data for host rocks that are
stratigraphically below and above mineralization that formed prior to, and subsequent to
mineralization, respectively. A Ce anomaly is noted in apatite from both mineralized and
unmineralized rocks, and indicates that the redox state of the ambient bottom water was suboxic
during apatite deposition. The suboxic nature of the water column negates the presence of sulfidic
conditions in the ambient water column purported to have existed over a prolonged period of time
(up to 50 M.y.), as suggested by Goodfellow (1987). These data do not preclude the occurrence of
intermittent anoxic or sulfidic ambient conditions, but the intrinsic redox sensitivity of Ce and the
preservation of negative Ce anomalies imply that the phosphogenic conditions were primarily
suboxic.
Prior to the work conducted as part of this thesis, anoxia and euxinia were considered by
many workers to be the defining features of the ambient marine environment in the HPD.
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However, the textural, trace element and sulfur isotope compositions of pyrite, and the REE-Y
compositions of apatite presented herein collectively indicate a dynamic, rather than stagnant,
bottom water environment with respect to ambient redox conditions. Most of the data presented
in this thesis were obtained using high-spatial resolution analytical techniques. Although their
high cost and requisite expertise have so far precluded widespread adoption of these techniques
by the mineral exploration industry, such analyses are considered to be critically necessary for
unraveling complex histories that may be recorded within single grains.

5.5 Application of the methodology to exploration
LA-ICP-MS analyses reveal strong textural control on the distribution of trace elements
in pyrite from a variety of settings. Our data reveal that careful selection of pyrite for analysis can
yield valuable information about the hydrothermal processes involved in SEDEX formation.
Pyrite chosen for analysis should be sooty (i.e., inclusion-rich) and composed of fine-grained
aggregates. Bedded (laminated) and nodular pyrite are both suitable, whereas coarse euhedral
metamorphic pyrite is not. Large nodules (>2 cm) are suitable for trace element analysis. The
interior, paragenetically earlier regions of nodular pyrite are more likely to contain higher
contents of trace elements than the outer, later deposited regions. Etching flat pyrite surfaces with
concentrated nitric acid can enhance textural variability and aid in optimal sample selection.
Pyrite sequestered several trace elements in the HPD, of which Tl, As, Sb and possibly
Mn are considered hydrothermal in origin. Ore-stage diagenetic pyrite contains, on average, >50
ppm Tl, >800 ppm As, >70 ppm Sb and >500 ppm Mn. These abundances are not significantly
higher than those of average Paleozoic diagenetic pyrite (Large et al., 2014), nor are they as high
as the abundances in pyrites from other SEDEX deposits (e.g., Red Dog, Alaska; Graham et al.,

140

2009); however, the abundance are high within SEDEX Zn-Pb mineralization of the HPD
compared with unmineralized rocks. The common occurrence of minute grains of sphalerite and
galena within pyrite indicates that Zn and Pb should also be analyzed.
Several Paleozoic SEDEX Zn-Pb districts in the Yukon Territory, Northwest Territories
and northeast British Columbia contain significant barite units that are genetically and spatially
linked to SEDEX mineralization. Significantly, however, barite is absent within the SEDEX ZnPb deposits of the HPD. The Ba content of the ACTM, <1000 ppm, is much lower than that of the
underlying and overlying sedimentary rocks of the Duo Lake Formation. Positive correlations
between bulk Ba, Al and K suggest that the Ba present in the ACTM occurs as hyalophane (Bafeldspar) and not barite (see also Goodfellow and Jonasson, 1986). Barite is present in the FLMD,
but this unit postdates mineralization by several million years, and hence it is unlikely that this
barite is genetically related to the underlying SEDEX Zn-Pb mineralization. Therefore,
exploration activities for SEDEX deposits similar to those known in the HPD should not expect
to result in the discovery of significant accumulations of barite.
Phosphatic mudstones were previously interpreted to have formed from hydrothermal
fluids, which also transported Zn and Pb. Chapter 4 indicates that the relationship between
phosphogenesis and SEDEX mineralization is casual, and that the close spatial relationship
between the SEDEX deposits and phosphatic mudstone is fortuitous. Therefore, apatite-rich
carbonaceous sedimentary rocks are not necessarily a marker unit for spatially nearby SEDEX
deposits.

5.6 Implications
It is well established that the burial of pyrite, and efficiency thereof, influence the
exogenic sulfur cycle (e.g., Farquhar et al., 2010). It is also well established that myriad processes
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affect the sulfur isotope composition of pyrite during and subsequent to burial. The current thesis
has demonstrated that protracted pyrite growth is recorded by intra-grain trace element and sulfur
isotope compositions. As such, this work emphasizes the importance of detailed analyses in
ascertaining whether there is a secular isotope variation. Indeed, the so-called secular trend has
been applied globally in several ore deposits studies (e.g., Goodfellow and Peter, 1996; Shanks et
al., 1987; Shanks et al., 2014; Turner, 1992); however, this trend inadequately constrains the
sulfur isotope evolution of pyrite in one of its type localities (i.e., the HPD). Magnall et al. (2015)
demonstrate similarly that several generations of pyrite growth preclude the application of the
secular trend in the SEDEX Zn-Pb-Ag-Ba deposits of the MacMillan Pass district, Yukon (i.e.,
another type locality). Therefore, the secular trend in its current form should be abandoned. In its
stead, detailed paragenetic studies of pyrite (and/or other sulfide minerals) should be done to
better constrain the evolution of the sulfur cycle and its pathways to deposition.
Some workers (e.g., Goodfellow, 1987; Goodfellow et al., 1993; Turner, 1992) have long
considered sustained euxinic conditions to be a fundamental control on the formation, source of
sulfur and preservation of sediment-hosted Zn-Pb deposits. As such, global SEDEX exploration
models have focused only on basinal rocks inferred to have been deposited under these
conditions. The current thesis has shown that sustained euxinia was not a first order/fundamental
control on the formation of the HPD. Moreover, an emerging body of research from other North
American sediment-hosted Zn-Pb districts (e.g., MacMillan Pass Zn-Pb-Ag deposit, Yukon,
Magnall et al., 2015; Red Dog Zn-Pb-Ag deposit, Alaska, Reynolds et al., 2015) demonstrates
that euxinic conditions did not exist during the formation of these deposits. Together, this thesis
and recent papers by others collectively lead to a paradigm shift in the understanding of the
paleoenvironments under which SEDEX deposits form and highlight potential for new SEDEX
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exploration targets. Specifically, these studies indicate that global SEDEX exploration is no
longer constrained exclusively to reduced, deep-water shale facies.

5.7 Future work
Calcite within the HPD is present as bedded limestone and as concretions within the sulfide
mineralization. Moreover, the lower portion of the ACTM hosts significant Zn-Pb mineralization
that is predominantly calcareous. Although the high calcite content is conspicuous, calcareous
rocks at the HPD have received relatively little attention (Goodfellow and Jonasson, 1986).
Huston et al. (2015) describe a class of sediment-hosted Zn-Pb deposits that are clastic-sediment
dominated and also contain abundant carbonate minerals such as the Paleoproterozoic HYC ZnPb-Ag deposit in northern Australia. There, abundant Fe-Mn carbonates are laterally zoned about
mineralization and are hydrothermal in origin (Ireland et al., 2004; Logan et al., 2001). The origin
of calcite and its relationship to SEDEX-forming processes is currently unconstrained at the HPD,
but determining the processes by which calcite was deposited may elucidate processes (e.g., BSR,
TSR and/or methanogenesis) that operated during SEDEX deposit formation. Carbon and oxygen
isotopic and trace element studies should be undertaken to elucidate these processes to determine
their relative roles in mineralization.
Organic geochemical compositions of carbonaceous rocks that host sediment-hosted massive
sulfides are not commonly investigated (Holman et al., 2014a; Holman et al., 2014b); however,
determining the abundances and types of compounds, such as organic sulfur compounds, may
reveal the extent to which TSR operated during sulfate reduction (Wei et al., 2012). Because the
very fine-grained nature of ore minerals precludes fluid inclusion studies, organic compounds
may provide insight into thermal maturity related to hydrothermal processes (Holman et al.,
2014b). Similarly, the biogeochemical analysis of organic-rich host rocks and mineralization
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from the HPD may be useful in fingerprinting the processes involved sulfate reduction (sulfur
reducing bacteria), and the possible roles of sulfate-reducing and sulfide-oxidizing bacteria in
phosphogenesis (Arning et al., 2009).
Rocks on the same time-stratigraphic horizon as the ACTM that are distal to mineralization
and lack associated SEDEX deposits were not studied because they were outside of the scope of
this thesis due to a lack of suitable (i.e., unweathered) samples and the remote nature of suitable
stratigraphic sections. This gap in the data precludes a broader understanding of the depositional
environment, but is critical in establishing the background geochemistry for the development of
exploration models.
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Appendix A
LA-ICP-MS data for pyrite

172

173

174

175

176

177

Appendix B
Whole-rock trace element compositional data
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Appendix C
Bivariate plots of time-resolved LA-ICP-MS data in Fig. 2.15
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Appendix D
SIMS sulfur isotope data
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Appendix E
Sulfur isotope data for bulk sphalerite and galena separates
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Appendix F
Apatite EPMA data

187

Appendix G
Apatite LA-ICP-MS REE-Y data
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Appendix H
Diamond drill hole sample locations
Hole ID
XYC-190
XYC-208
XYC-224
XYC-243
BRO-10
DON-076
DON-083
DON-200
DON-222
DON-223
DON-224
DON-238
ANE-108
ANC-109
OPX-17
PLN-3
PLN-5
PLN-7

UTM Zone
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

Easting
488600.956
488826.670
488938.790
489259.750
485738.350
478902.160
480804.490
478103.470
477882.000
477882.000
477803.000
478531.000
475416.830
471726.710
463131.250
460047.000
459795.000
459272.000

Northing
Elevation (m)Azimuth
Dip
6926655.153
1636.209
15
6926764.360
1760.840
200
6926343.780
1642.550
210
6926078.910
1597.780
202
6929236.730
1296.480
41
6933496.690
1141.800
210
6931623.530
1259.940
30
6934442.010
1163.050
12
6934739.000
1184.000
10
6934739.000
1184.000
23
6934746.000
1173.000
10
6934123.000
1164.000
310
6935866.940
1111.670
209
6937699.640
1485.640
28
6943070.740
1220.840
26
6944318.000
1360.000
31
6944593.000
1439.000
31
6946261.000
1661.000
210

192

-83
-86.5
-65
-52
-80
-80
-80
-50
-55
-50
-60
-78
-71
-70
-72
-60
-57
-50

Appendix I
Cost analysis
Cost analysis for PhD research project
2011
Tuition
8000
International subsidy
2667
Fieldwork
10000
Sample prep/lapidary
4050
Selfrag
14000
SEM
3500
EPMA
LA-ICP-MS
Quad
2400
E2
Neptune
SIMS
Conferences
Yukon Geoscience
2500
RoundUp
PDAC
SEG
Total
Grand total

47117
228890

2012
12000
4000
10000
4050

2013
12000
4000
1500
495

2014
12000
4000
1500
225

2015
8000
1333

7000
2500

7000
2500

7000
1000

1750

36000

12000
6000

3780
3000

2500
1000

2500
1000
1800

1000

79050

50795

33505

194

7340

18423

